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Robert John Pitcher
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D e d i c a t e d  t o  m y  p a r e n t s  a n d  m y  s i s t e r .  W i t h o u t  t h e i r  
c o n s t a n t  l o v e ,  s u p p o r t  a n d  e n c o u r a g e m e n t  t h e  w r i t i n g  
o f  t h i s  t h e s i s  w o u l d  n o t  h a v e  b e e n  p o s s i b l e .
A B S T R A C T
T h i s  t h e s i s  r e p o r t s  t h e  e f f e c t s  o f  c h r o m i u m  l a y e r s  o n  t h e  v i b r a t i o n a l  
p r o p e r t i e s  o f  s i l i c o n  m i c r o e n g i n e e r e d  s t r u c t u r e s  d e s i g n e d  a s  p r e s s u r e  
s e n s o r s .  B o t h  e x c i t a t i o n  a n d  i n t e r r o g a t i o n  h a v e  b e e n  a c h i e v e d  b y  o p t i c a l
m e a n s .  P a r t i c u l a r  a t t e n t i o n  h a s  b e e n  p a i d  t o  t h e  o p t i c a l l y  i n d u c e d
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T w o  s i l i c o n  s t r u c t u r e s  h a v e  b e e n  i n v e s t i g a t e d :  b r i d g e s  f a b r i c a t e d  a t
B i r m i n g h a m  U n i v e r s i t y  a n d  e x t e n s i v e l y  c h a r a c t e r i s e d  b y  r e s e a r c h e r s  a t
S t r a t h c l y d e  U n i v e r s i t y ,  a n d  d e v i c e s  f a b r i c a t e d  a t  S T C  T e c h n o l o g y  L t d .  i n  
H a r l o w .
F o r  b o t h  s t r u c t u r e s  t h e  a d d i t i o n  o f  c h r o m i u m  l a y e r s  o n t o  t h e  s u r f a c e  h a s  
h a d  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  v a l u e  o f  t h e  a m p l i t u d e  d i v i d e d  b y  t h e  Q  
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h a s  d e c r e a s e d  w i t h  t h e  a d d i t i o n  o f  c h r o m i u m  l a y e r s .
T h e  p h a s e  a n g l e  o f  t h e  m o t i o n  h a s  a l s o  b e e n  f o u n d  t o  b e  s e n s i t i v e  t o  t h e  
t h i c k n e s s  o f  t h e  c h r o m i u m  l a y e r .  T h i s  a n g l e  h a s  b e e n  o b s e r v e d  t o  i n c r e a s e
o
f r o m  a p p r o x i m a t e l y  z e r o  f o r  b a r e  s i l i c o n  t o  a b o u t  4 0  f o r  a  f e w  h u n d r e d
A n g s t r o m s ,  r e t u r n i n g  t o w a r d s  z e r o  p h a s e  f o r  c h r o m i u m  l a y e r s  o f  c o m p a r a b l e
t h i c k n e s s  t o  t h e  s i l i c o n  t h i c k n e s s .
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C H A P T E R  1
I N T R O D U C T I O N
1 . 1  I n t r o d u c t i o n
T h i s  s h o r t  c h a p t e r  b r i e f l y  d i s c u s s e s  t h e  n e e d  f o r  s e n s o r s  a n d  t h e  
a d v a n t a g e s  o f  u s i n g  t h e  s e n s o r  s y s t e m  u s e d  i n  t h i s  w o r k .  T h e  o b j e c t i v e s  o f  
t h i s  w o r k  a r e  t h e n  o u t l i n e d  t o g e t h e r  w i t h  a  p r e v i e w  o f  t h e  s t r u c t u r e  o f  t h e  
t h e s i s .
1 . 2  N e e d  f o r  s e n s o r s
S e n s o r s  h a v e  a l w a y s  b e e n  r e q u i r e d  b y  i n d u s t r y ,  p r i n c i p a l l y  t o  m o n i t o r  a  
s y s t e m  o r  p r o d u c t ,  t o  e i t h e r  c h e c k  t h a t  i t  i s  o p e r a t i n g  c o r r e c t l y  s u c h  t h a t  
a b n o r m a l  m e a s u r e m e n t s  c a n  g i v e  a n  a d v a n c e  w a r n i n g  o f  a  p r o b l e m ,  o r  t h e  s e n s o r  
c a n  b e  u s e d  t o  m e a s u r e  a  p h y s i c a l  p a r a m e t e r  o f  i n t e r e s t .  W i t h  t h e  h u g e  
u p s u r g e  i n  t h e  u s e  o f  c o m p u t e r  c o n t r o l  f o r  s y s t e m s  f o r  a u t o m a t i o n  a n d
c o n s t a n t  m o n i t o r i n g  t h e r e  i s  a l s o  a  g r o w i n g  d e m a n d  f o r  s m a l l  c o m p a c t  s e n s o r s  
w h i c h  a r e  c o m p a t i b l e  w i t h  c o m p u t e r s  i . e .  h a v e  a  d i g i t a l  o u t p u t .
T h e  o u t p u t  f r o m  a  r e s o n a n t  s e n s o r  i s  a  f r e q u e n c y ,  h e n c e  m a k i n g  i t
a m e n a b l e  t o  d i g i t a l  t e c h n i q u e s .  E x c i t a t i o n  a n d  i n t e r r o g a t i o n  o f  r e s o n a n t
s t r u c t u r e s  h a s  b e e n  a c h i e v e d  i n  a  n u m b e r  o f  d i f f e r e n t  w a y s  b y  v a r i o u s  
r e s e a r c h e r s ,  s o m e  o f  w h i c h  a r e  d e s c r i b e d  i n  c h a p t e r  2 .  O p t i c a l  e x c i t a t i o n
a n d  i n t e r r o g a t i o n  u s i n g  o p t i c a l  f i b r e s ,  a s  u s e d  i n  t h i s  w o r k ,  i s  a
p a r t i c u l a r l y  a t t r a c t i v e  w a y  o f  i m p l e m e n t i n g  t h e s e  r e s o n a n t  s e n s o r s .  T h e
r e a s o n s  f o r  t h i s  a r e  s i m i l a r  t o  t h o s e  q u o t e d  f o r  t h e  i n t r o d u c t i o n  o f  o p t i c a l
f i b r e s  i n t o  c o m m u n i c a t i o n s  [ 1 ] .
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1 . 3  A i m s  a n d  o b j e c t i v e s
A t  t h e  c o m m e n c e m e n t  o f  t h i s  w o r k  s i l i c o n  m i c r o s t r u c t u r e s  h a d  a l r e a d y
b e e n  s u c c e s s f u l l y  e x c i t e d  a n d  i n t e r r o g a t e d  o p t i c a l l y ,  a n d  t h e i r  r e s o n a n t
f r e q u e n c i e s  f o u n d  t o  b e  s e n s i t i v e  t o  a n  a p p l i e d  e x t e r n a l  p r e s s u r e  [ 2 ] .
T h e  m a i n  a i m  o f  t h e  w o r k  w a s  t o  e x p l o r e  w a y s  o f  e n h a n c i n g  t h e  d e f l e c t i o n  
o f  t h e  b e a m s  s o  t h a t  l e s s  o p t i c a l  p o w e r  w o u l d  b e  r e q u i r e d  t o  a c h i e v e  a
g i v e n  a m p l i t u d e  o f  o s c i l l a t i o n  o f  t h e  r e s o n a t o r .  T h i s  i n c r e a s e  i n
e f f i c i e n c y  w a s  s e e n  a s  a  n e c e s s a r y  s t e p  i n  t h e  d e v e l o p m e n t  o f  a
‘ s e l f - e x c i t e d ’ s e n s o r  i n  w h i c h  t h e  o s c i l l a t i o n s  a r e  i n d u c e d  b y  a  c o n t i n u o u s  
l a s e r  b e a m  [ 3 ] .
A n  u n d e r s t a n d i n g  o f  t h e  d r i v i n g  m e c h a n i s m s  i n v o l v e d  w a s  t o  b e  o b t a i n e d
b y  c o m b i n i n g  t h e o r e t i c a l  s t u d i e s  w i t h  m e a s u r e m e n t s  o f  t h e  c h a r a c t e r i s t i c s  o f  
t h e  r e s o n a t o r s ,  e x a m p l e s  b e i n g  t h e  o p t i c a l l y  i n d u c e d  v i b r a t i o n a l  a m p l i t u d e ,  Q  
f a c t o r  a n d  p h a s e  a n g l e  o f  t h e  m o t i o n  o f  t h e  r e s o n a t o r  w i t h  r e s p e c t  t o  t h e
i n c i d e n t  p u l s e d  l a s e r  l i g h t .  I n  p a r t i c u l a r ,  t h e  e f f e c t  o n  t h e s e  q u a n t i t i e s
o f  s p u t t e r i n g  c h r o m i u m  l a y e r s  o n t o  t h e  s u r f a c e  o f  t h e  r e s o n a t o r s  w a s  t o  b e  
o b s e r v e d .
1 . 4  S t r u c t u r e  o f  t h e  t h e s i s
T h e  w o r k  h a s  b e e n  d i v i d e d  i n t o  s e v e n  c h a p t e r s .  T h i s  s e c t i o n  b r i e f l y
d e s c r i b e s  t h e  c o n t e n t s  o f  e a c h  o f  t h e  r e m a i n i n g  s i x  c h a p t e r s .
C h a p t e r  2  i l l u s t r a t e s  t h e  a d v a n t a g e s  o f  h a v i n g  b o t h  t h e  e x c i t a t i o n  a n d  
t h e  i n t e r r o g a t i o n  o f  s i l i c o n  r e s o n a t o r s  b y  c o m p a r i n g  s u c h  a  s y s t e m  w i t h  o t h e r  
o n e s  a s  u s e d  b y  o t h e r  r e s e a r c h e r s .  A n  a c c o u n t  o f  s o m e  o f  t h e  t h e o r e t i c a l l y
e x p e c t e d  p r o p e r t i e s  o f  r e s o n a n t  s y s t e m s ,  s o m e  o f  t h e  e x p r e s s i o n s  b e i n g
d e r i v e d  w i t h  t h e  a i d  o f  a  s i m p l e  m o d e l ,  a p p e a r s  i n  c h a p t e r  3 .  T h e
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e x p e r i m e n t a l  a p p a r a t u s  u s e d  t o  d e t e r m i n e  t h e  p r o p e r t i e s  o f  t h e  r e s o n a t o r s  i s  
d e s c r i b e d  i n  c h a p t e r  4 ,  t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  d e t a i l
a s  t o  h o w  t h e  m e a s u r e m e n t s  w e r e  a c t u a l l y  m a d e .  T h e  r e s u l t s  o b t a i n e d  a r e  
s p l i t  i n t o  c h a p t e r s  5  a n d  6 .  C h a p t e r  5  s u m m a r i s e s  t h e  m e a s u r e m e n t s  m a d e  o n  
s i l i c o n  b r i d g e s  t h a t  w e r e  t e s t e d ,  r e m o v e d ,  s p u t t e r e d  a n d  t h e n  r e - s t u c k  t o  a
b r a s s  m o u n t  f o r  r e - t e s t i n g .  T h e  r e s u l t s  i n  c h a p t e r  6  w e r e  o b t a i n e d  b y
k e e p i n g  t h e  r e s o n a t o r  f i x e d  t o  i t s  m o u n t  t h r o u g h o u t  t h e -  e x p e r i m e n t .  T h e  
d e v i c e  s t u d i e d  i n  t h i s  c h a p t e r  w a s  a  l a r g e r  b e a m  f a b r i c a t e d  a t  S T C  T e c h n o l o g y  
i n  H a r l o w .  F i n a l l  y  c h a p t e r  7  c o n c l u d e s  t h e  t h e s i s  b y  s u m m a r i s i n g  t h e  
f i n d i n g s  o f  t h e  w o r k  t o g e t h e r  w i t h  a  r e c o m m e n d a t i o n  f o r  f u r t h e r
i n v e s t i g a t i o n .
3
C H A P T E R  2
I N T R O D U C T I O N  T O  S E N S I N G
2 . 1  I n t r o d u c t i o n
T h i s  c h a p t e r  f i r s t l y  g i v e s  a  b r i e f  a c c o u n t  o f  h o w  s e l e c t e d  p h y s i c a l  
q u a n t i t i e s  c a n  b e  s e n s e d ,  t o g e t h e r  w i t h  t h e i r  i m p l e m e n t a t i o n  u s i n g  
r e s o n a t o r s .  T h e  v a r i o u s  w a y s  i n  w h i c h  r e s o n a t o r s  h a v e  b e e n  b o t h  e x c i t e d  a n d  
i n t e r r o g a t e d  b y  o t h e r  r e s e a r c h e r s  i s  t h e n  r e v i e w e d .  F i n a l l y  t h e  a d v a n t a g e s
o f  u s i n g  s i l i c o n  a s  t h e  r e s o n a t o r  m a t e r i a l  a r e  d i s c u s s e d  t o g e t h e r  w i t h  s o m e  
o f  t h e  f a b r i c a t i o n  t e c h n i q u e s  c u r r e n t l y  b e i n g  e m p l o y e d  f o r  t h e i r  p r o d u c t i o n .
2 . 2  E x a m p l e s  o f  s e n s o r s
T h i s  s e c t i o n  d e s c r i b e s  a  f e w  e x a m p l e s  o f  t h e  b a s i c  p r i n c i p l e  o f  h o w  
v a r i o u s  p h y s i c a l  q u a n t i t i e s  c a n  b e  m e a s u r e d  b y  c a u s i n g  c h a n g e s  i n  s o m e  
p r o p e r t y  o f  t h e  s e n s i n g  e l e m e n t .
2 . 2 . 1  A c c e l e r o m e t e r s
A c c e l e r o m e t e r s  u s u a l l y  c o n s i s t  o f  a  m a s s  c o n n e c t e d  t o  a  t h i n  b e a m .  T h e  
m a s s  e x p e r i e n c e s  t h e  a c c e l e r a t i o n  a n d  t h e  f o r c e  f e l t  b y  t h e  b e a m  c a u s e s  
f l e x u r e  a n d  t h i s  c h a n g e s  i t s  e l e c t r i c a l  r e s i s t i v i t y  [ 4 ] .  T h i s  i s  c a l l e d  t h e
p i e z o r e s i s t i v e  e f f e c t .  A l t e r n a t i v e l y  t h e  a c c e l e r o m e t e r  c a n  b e  c a p a c i t i v e  a n d
c o n s i s t  o f  a  v a r i a b l e  c a p a c i t o r  f o r m e d  b e t w e e n  a  c a n t i l e v e r ,  c o a t e d  w i t h  a
m e t a l  l a y e r ,  a n d  a  s e c o n d  e l e c t r o d e  [ 4 ] .  W h e n  t h e  c a n t i l e v e r  e x p e r i e n c e s  a n  
a c c e l e r a t i o n  i t s  s u b s e q u e n t  m o v e m e n t  c h a n g e s  t h e  c a p a c i t a n c e .
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2 . 2 . 2  P r e s s u r e  s e n s o r s
P r e s s u r e  s e n s o r s  u s u a l l y  e m p l o y  a  s t r u c t u r e  w h i c h  i s  e x p o s e d  t o  t h e  
p r e s s u r e  t o  b e  s e n s e d  o n  o n e  s i d e  a n d  i s  e x p o s e d  t o  s o m e  r e f e r e n c e  p r e s s u r e
( a t m o s p h e r i c  o r  z e r o )  o n  t h e  o t h e r .  T h e  p r e s s u r e  d i f f e r e n c e  c a u s e s  t h e  
s t r u c t u r e  t o  b o w  a n d  i n d u c e s  s t r a i n .  T h i s  c a n  b e  s e n s e d  p i e z o r e s i s t i v e l y
( s e e  2 . 4 . 3 ) .  T h e  m o s t  c o m m o n  p i e z o r e s i s t i v e  p r e s s u r e  t r a n s d u c e r  i s  t h e  
s t r a i n  g a u g e  t r a n s d u c e r  [ 5 ]  i n  w h i c h  t h e  a c t i v e  s t r a i n  e l e m e n t s  a r e  c o n n e c t e d
i n t o  a  W h e a t s t o n e  b r i d g e  n e t w o r k .
2 . 2 . 3  T e m p e r a t u r e  s e n s o r s
A  s e m i c o n d u c t o r  d i o d e  c a n  b e  u s e d  a s  a  t e m p e r a t u r e  s e n s o r .  T h e  b a s i s  o f  
t h i s  i s  s i m p l y  t h a t  t h e  b a s e - e m i t t e r  v o l t a g e  o f  a  f o r w a r d  b i a s s e d  d i o d e
c h a n g e s  w i t h  t e m p e r a t u r e .  T h i s  h a s  t h e  a d v a n t a g e  o f  l o w  c o s t  a n d  h i g h  
a c c u r a c y  c o m p a r e d  w i t h  t h e  c o n v e n t i o n a l  t h e r m o c o u p l e  o r  t h e r m i s t o r .
2 . 3  U s e  o f  r e s o n a t o r s  f o r  s e n s i n g
F o r  a l l  t h e  e x a m p l e s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ,  a  r e s o n a t o r  c a n
b e  u s e d  a s  t h e  s e n s i n g  e l e m e n t .  T h e  r e s o n a t o r ,  a  b e a m  f o r  e x a m p l e ,  i s
e x c i t e d  i n t o  r e s o n a n c e .  T h i s  c a n  b e  d o n e  i n  a  n u m b e r  o f  w a y s ,  a l l  o f  w h i c h
a r e  d i s c u s s e d  i n  s e c t i o n  2 . 5 .  I t  i s  t h e n  e x p o s e d  t o  t h e  m e a s u r a n d ,  w h i c h
c a u s e s  s o m e  t e n s i o n  i n  t h e  b e a m  a n d  h e n c e  c h a n g e s  i t s  r e s o n a n t  f r e q u e n c y  i n  
t h e  s a m e  w a y  a s  a  g u i t a r  s t r i n g .  T h e  v a r i o u s  w a y s  o f  d e t e c t i n g  t h e
v i b r a t i o n s  o f  t h e  b e a m ,  h e n c e  m e a s u r i n g  t h e  r e s o n a n t  f r e q u e n c y  a r e  g i v e n  i n
s e c t i o n  2 . 4 .  T y p i c a l  s e n s i t i v i t i e s  i . e .  f r a c t i o n a l  c h a n g e  i n  t h e  r e s o n a n t
f r e q u e n c y  p e r  u n i t  c h a n g e  o f  t h e  p a r a m e t e r  b e i n g  m e a s u r e d  a r e  g i v e n  i n  [ 6 , 2 ]  
f o r  p r e s s u r e  t r a n s d u c e r s ,  [ 2 , 7 ]  f o r  t e m p e r a t u r e  s e n s o r s  a n d  [ 7 ]  f o r  
a c c e l e r o m e t e r s .
The principle structure that was investigated in this work is shown from
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t r a n s d u c e r  a n d  t h e  p r e s s u r e  t o  b e  m e a s u r e d  i s  a p p l i e d  t o  t h e  b a s e  o f  t h e
d i a p h r a g m .  T h e  b e a m  i t s e l f  s i t s  i n  a  v a c u u m  a n d  s o  t h e  p r e s s u r e  s e n s e d  i s  a n
a b s o l u t e  o n e .  T h i s  p r e s s u r e  b o w s  t h e  b a s e  o f  t h e  d i a p h r a g m  u p w a r d s  a n d  t e n d s
t o  f o r c e  t h e  p i l l a r s  s u p p o r t i n g  t h e  b e a m  a w a y  f r o m  e a c h  o t h e r .  T h i s  i n d u c e s  a
t e n s i o n  a c r o s s  t h e  b e a m  a n d  a l t e r s  i t s  f r e q u e n c y  o f  r e s o n a n c e .
2 . 4  I n t e r r o g a t i o n  t e c h n i q u e s
T h i s  s e c t i o n  r e v i e w s  s o m e  o f  t h e  m e t h o d s  u s e d  b y  o t h e r  r e s e a r c h e r s  t o
d e t e c t  t h e  o s c i l l a t i o n s  o f  r e s o n a n t  s e n s o r s .
2 . 4 . 1  C a p a c i t i v e
I n  t h e  c a s e  o f  c a p a c i t i v e  s e n s i n g ,  w h i c h  h a s  b e e n  u s e d  b y  G r e e n w o o d  [ 8 ] ,
o n e  p l a t e  o f  a  p a r a l l e l  p l a t e  c a p a c i t o r  i s  f o r m e d  b y  t h e  r e s o n a t o r  a n d  t h e
o t h e r  b y  a n  e x t e r n a l  e l e c t r o d e .  T h e  c a p a c i t a n c e  i s  g i v e n  b y :
C  =  e A  ( 2 . 1 )
d
w h e r e  e  i s  t h e  p e r m i t t i v i t y  o f  t h e  m e d i u m ,  A  t h e  s u r f a c e  a r e a  o f  t h e
r e s o n a t o r  a n d  d  t h e  s e p a r a t i o n  b e t w e e n  t h e  r e s o n a t o r  a n d  t h e  e l e c t r o d e .
T h e  s e n s i t i v i t y  i s  g i v e n  b y :
d C  =  - £ A  ( 2 . 2 )
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i . e .  t h e  c l o s e r  t h e  e q u i l i b r i u m  s e p a r a t i o n ,  t h e  m o r e  s e n s i t i v e  t h e
above in fig.2.1 and from the side in fig.2.2. The device is a pressure
6
0.2mm
Figure 2.1
Figure 2.2
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T o p  v i e w  o f  d e v i c e  t e s t e d
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c a p a c i t a n c e  c h a n g e  i s  t o  m o v e m e n t  o f  t h e  r e s o n a t o r .  T h e  c a p a c i t a n c e  c h a n g e  
c a n  b e  m e a s u r e d  b y  i n c o r p o r a t i n g  t h e  v a r i a b l e  c a p a c i t o r  i n t o  a  b r i d g e - t y p e  
n e t w o r k .
2 . 4 . 2  P i e z o e l e c t r i c
A  p i e z o e l e c t r i c  m a t e r i a l ,  s u c h  a s  z i n c  o x i d e ,  c a n  b e  s p u t t e r e d  o n t o  t h e  
s u r f a c e  o f  t h e  r e s o n a t o r .  T h e  s t r a i n  i n d u c e d  i n  t h e  l a y e r  w h e n  t h e  r e s o n a t o r  
i s  i n  f l e x u r e  w i l l  c a u s e  a  p e r i o d i c  v o l t a g e  t o  b e  p r o d u c e d  a c r o s s  t h e  l a y e r  
w i t h  a n  a m p l i t u d e  p r o p o r t i o n a l  t o  t h e  a m p l i t u d e  o f  o s c i l l a t i o n  o f  t h e  
r e s o n a t o r .
2 . 4 . 3  P i e z o r e s i s t i v e
T h e  p i e z o r e s i s t i v e  e f f e c t  o c c u r s  i n  d o p e d  s i l i c o n  a n d  m a n i f e s t s  i t s e l f  
a s  a  c h a n g e  i n  e l e c t r i c a l  r e s i s t a n c e  r e s u l t i n g  f r o m  a n  a p p l i e d  s t r e s s .  T h e  
s t r e s s  c a u s e s  a  c h a n g e  i n  l e n g t h  a n d  a l s o  a  c h a n g e  i n  c r o s s - s e c t i o n a l  a r e a  
v i a  P o i s s o n ’ s  r a t i o .  T h e  r e s i s t i v i t y  i s  a l s o  d e p e n d a n t  u p o n  t h e  a p p l i e d  
s t r e s s  a n d  t h i s  d e p e n d a n c y  i s  d i f f e r e n t  f o r  n  a n d  p - t y p e  s i l i c o n .  T h e  r e s u l t  
i s  t h a t  t h e  r e s i s t a n c e  o f  n - t y p e  s i l i c o n  d e c r e a s e s  w i t h  i n c r e a s i n g  s t r a i n  a n d  
f o r  p - t y p e  t h e  r e s i s t a n c e  i n c r e a s e s .  T h e  s t r a i n  g u a g e  u s u a l l y  f o r m s  p a r t  o f  
a  W h e a t s t o n e  b r i d g e  c o n f i g u r a t i o n .  I n  s u c h  a  c a s e  t h e  o u t p u t  v o l t a g e  o f  t h e  
b r i d g e  f o r  s m a l l  A R  ( s e e  f i g . 2 . 3 )  i s :
V o  =  V s A R  ( 2 . 3 )
4 R
w h e r e  a l l  t h e  r e s i s t o r s  h a v e  r e s i s t a n c e  R .
Figure 2 . 3  W h e a t s t o n e  b r i d g e  n e t w o r k
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i )  B u l k  o p t i c s
A  b u l k  o p t i c s  s y s t e m  f i r s t  u s e d  b y  V e n t a k e s h  a n d  C u l s h a w  [ 9 ]  a n d
i n c l u d i n g  t h e  u s e  o f  a  B r a g g  c e l l  i s  s h o w n  i n  f i g . 2 . 4 .  T h e  o u t p u t  f r o m  t h e  
l a s e r  i s  s p l i t  i n t o  t w o  a n d  h a l f  i s  f r e q u e n c y  s h i f t e d  b y  8 0  M H z  b y  t h e  B r a g g
c e l l ,  t h e  r e m a i n d e r  i s  i n c i d e n t  o n  t h e  r e s o n a t o r  a n d  D o p p l e r  s h i f t e d  b y  t h e
m o t i o n  o f  t h e  r e s o n a t o r  o n  r e f l e c t i o n .  B e c a u s e  t h e  f r e q u e n c y  s h i f t s  a r e  s o
s m a l l ,  a  H e N e  l a s e r  w a s  u s e d  t o  a c h i e v e  t h e  h i g h  d e g r e e  o f  t e m p o r a l  c o h e r e n c e  
n e c e s s a r y .  T h e  t w o  b e a m s  a r e  i n t e r f e r e d  a n d  t h e  o u t p u t  f r o m  t h e  
p h o t o d e t e c t o r  i s  f r e q u e n c y  a n a l y s e d .  T h e  o u t p u t  i s  i n  t h e  f o r m  o f  a  c e n t r a l  
m i x i n g  p e a k  a t  8 0  M H z  a n d  v a r i o u s  s i d e b a n d s  s h i f t e d  i n  f r e q u e n c y  b y  t h e
f r e q u e n c y  o f  o s c i l l a t i o n  o f  t h e  r e s o n a t o r .
i i )  U s e  o f  O p t i c a l  f i b r e s
C o m b i n i n g  o p t i c a l  f i b r e s  w i t h  r e s o n a t o r s  i m p l i e s  t h e  f o r m a t i o n  o f  a  
F a b r y - P e r o t  c a v i t y .  A  F a b r y - P e r o t  c a v i t y  i s  s h o w n  i n  f i g . 2 . 5 .  I t  c o n s i s t s  
o f  t w o  d i e l e c t r i c  m e d i a  s e p a r a t e d  b y  a  d i s t a n c e  x .  T h e  d i s t a n c e  x  m u s t  b e  
s i g n i f i c a n t l y  s m a l l e r  t h a n  t h e  c o h e r e n c e  l e n g t h  o f  t h e  s o u r c e  s o  t h a t
i n t e r f e r e n c e  o c c u r s  a t  t h e  t w o  i n t e r f a c e s  a n d  t h u s  t h e  r e f l e c t a n c e  a n d  
t r a n s m i t t a n c e  o f  t h e  c a v i t y  a r e  d e t e r m i n e d  b y  x .  F o r  m e d i a  o f  r e f r a c t i v e
i n d i c e s  n i  a n d  m  t h e  t r a n s m i t t a n c e  f o r  l o s s l e s s  d i e l e c t r i c s  ( s e e  r e f .  [ 1 0 ] )  
i s :
I t  =  ___________________ k ____________________ ( 2 . 4 )
1  +  F s i n 2 ( 2 7 C x A )
w h e r e  k  =  4 m m  
( m + n 2 ) 2
2.4.4 Optical
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Figure 2.4 I n t e r f e r o m e t e r  m a k i n g  u s e  o f  B r a g g  c e l l  m o d u l a t o r s
Figure 2.5 F a b r y - P e r o t  c a v i t y
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F is given by:
n m 2 +  1  
n i  +  n 2
(2.5)
a n d  i s  a  m e a s u r e  o f  t h e  s h a r p n e s s  o f  t h e  t r a n s m i s s i o n  p e a k s .  k  a n d  F  m a y  b e  
o b t a i n e d  b y  u s i n g  a  s i m i l a r  a p p r o a c h  t o  t h a t  u s e d  i n  a p p e n d i x  A .  T h e  m o t i o n
i m p l e m e n t a t i o n  o f  t h i s  f o r m  o f  d e t e c t i o n ,  a s  u s e d  b y  T u d o r  e t  a l  [ 7 ]  i s  s h o w n  
i n  f i g . 2 . 6 .  T h e  l a s e r  o u t p u t  i s  f e d  i n t o  a n  o p t i c a l  f i b r e  a n d  i s  t h e n  s p l i t  
b y  t h e  3 d B  c o u p l e r  i n  t h e  s a m e  w a y  a s  a  5 0 / 5 0  b e a m  s p l i t t e r  i n  b u l k  o p t i c s .  
O n e  o f  t h e  s p l i t  b e a m s  i s  i n c i d e n t  o n  t h e  r e s o n a t o r  a n d  i s  t h e n  i n t e n s i t y  
m o d u l a t e d  b y  i t  a n d  h a l f  t h e  r e f l e c t e d  l i g h t  i s  i n c i d e n t  o n  t h e
p h o t o d e t e c t o r .  T h e  o t h e r  h a l f  o f  t h e  s p l i t  b e a m  i s  i n c i d e n t  o n  s o m e  i n d e x  
m a t c h i n g  f l u i d  s o  t h a t  n o  l i g h t  i s  r e f l e c t e d  f r o m  t h e  f i b r e  e n d  t o
s u b s e q u e n t l y  i n t e r f e r e  w i t h  t h e  m o d u l a t e d  s i g n a l .  I f  t h i s  w e r e  a l l o w e d  t o  
h a p p e n  t h e n  e n v i r o n m e n t a l  f l u c t u a t i o n s  w o u l d  a l t e r  t h e  r e l a t i v e  p h a s e s  o f  t h e  
t w o  s i g n a l s  b e c a u s e  o f  t h e  p a t h  i m b a l a n c e  a n d  t h i s  w o u l d  l e a d  t o  a n  u n s t a b l e  
o u t p u t .  T h i s  i s  b a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  s o u r c e  h a s  a  c o h e r e n c e  
l e n g t h  l o n g e r  t h a n  t h e  s e p a r a t i o n  b e t w e e n  t h e  f i b r e  e n d  a n d  t h e  c o u p l e r .  I f  
i t  w e r e  s h o r t e r  t h e n  t h e  i n t e n s i t i e s  w o u l d  s i m p l y  a d d .
2 . 4 , 5  C o n c l u s i o n s
T h e  c a p a c i t i v e ,  p i e z o e l e c t r i c  a n d  p i e z o r e s i s t i v e  m e t h o d s  o f  d e t e c t i o n  
a r e  a l l  e l e c t r i c a l  a n d  t h e r e f o r e  a r e  n o t  i m m u n e  t o  e l e c t r o m a g n e t i c  
i n t e r f e r e n c e .  T h e  p i e z o r e s i s t i v e  m e t h o d  a l s o  h a s  a  l i m i t e d  t e m p e r a t u r e
o p e r a t i o n  [ 1 1 ] .  T h e  p i e z o e l e c t r i c  l a y e r  w o u l d  b e  o f  s i g n i f i c a n t  d i m e n s i o n s  
c o m p a r e d  t o  a  s m a l l  a r e a  r e s o n a t o r  a n d  t h e r e f o r e  m a y  s e r i o u s l y  d e c r e a s e  a  
h i g h  Q  v a l u e  a n d  e f f e c t  t h e  f r e q u e n c y  s t a b i l i t y .  B o n d i n g  t h e  p i e z o e l e c t r i c
o f  t h e  b e a m  t h e r e f o r e  i n t e n s i t y  m o d u l a t e s  t h e  r e f l e c t e d  l i g h t .  A  s i m p l e
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detector
Figure 2.6 A l l - f i b r e  i n t e r f e r o m e t e r  m a k i n g  u s e  o f  t h e  F a b r y - P e r o t
c a v i t y  f o r m e d  b e t w e e n  t h e  r e s o n a t o r  a n d  t h e  o p t i c a l  f i b r e .
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t o  t h e  s u r r o u n d i n g  s t r u c t u r e  w o u l d  g r e a t l y  r e d u c e  t h e  s e n s i t i v i t y .  T h e r e f o r e
i n  h a r s h  e l e c t r i c  o r  m a g n e t i c  e n v i r o n m e n t s  o p t i c a l  d e t e c t i o n  s e e m s  t o  b e  v e r y
a t t r a c t i v e .
2 . 5  E x c i t a t i o n  t e c h n i q u e s
S o m e  p o w e r  h a s  t o  b e  s u p p l i e d  t o  t h e  r e s o n a t o r  i n  o r d e r  t o  e x c i t e  i t
i n t o  v i b r a t i o n  a n d  r e s o n a n c e .  T h i s  s e c t i o n  d e s c r i b e s  s o m e  o f  t h e  m e t h o d s  
u s e d  b y  v a r i o u s  r e s e a r c h e r s .
2 . 5 . 1  E l e c t r o s t a t i c
T h i s  m e t h o d  o f  e x c i t a t i o n  w a s  u s e d  b y  G r e e n w o o d  [ 8 ] ,  t o g e t h e r  w i t h  t h e
c a p a c i t i v e  d e t e c t i o n  i n  2 . 4 . 1 .  T h e  f o r c e  b e t w e e n  t w o  p a r a l l e l  p l a t e s  o f  a r e a
A ,  s e p a r a t e d  b y  a  d i s t a n c e  r  i s  g i v e n  b y :
F  =  e A V 2  ( 2 . 6 )
w h e r e  V  i s  t h e  v o l t a g e  b e t w e e n  t h e m  a n d  e  i s  t h e  p e r m i t t i v i t y  o f  t h e  m e d i u m .
T h e  e f f i c i e n c y  i s  t h e r e f o r e  c r i t i c a l l y  d e p e n d a n t  u p o n  s e p a r a t i o n .  I t  c a n  b e
s e e n  t h a t  a p p l y i n g  a  v o l t a g e  V  =  V o s i n c o t  w i l l  p r o d u c e  a  p e r i o d i c  f o r c e  a t
d o u b l e  t h e  f r e q u e n c y  o f  t h e  v o l t a g e .  G r e e n w o o d  u s e d  a  v o l t a g e
V  =  E  +  V o s i n c o t  w i t h  E  b e i n g  t y p i c a l l y  5 0 V  a n d  V o  a b o u t  I V  s o  t h a t  V o « E  a n d
V 2 ^  E 2  +  2 E V o s i n c o t  i . e .  p r o d u c i n g  a  d r i v e  a t  t h e  f r e q u e n c y  o f  t h e  a p p l i e d
v o l t a g e ,  w h i c h  i s  o f  m u c h  g r e a t e r  a m p l i t u d e  t h a n  t h e  d r i v e  a t  d o u b l e
f r e q u e n c y .
2 . 5 . 2  P i e z o e l e c t r i c
A s  i n  2 . 4 . 2  a  p i e z o e l e c t r i c  m a t e r i a l  m a y  b e  s p u t t e r e d  o n t o  t h e  s u r f a c e
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o f  t h e  r e s o n a t o r  a n d  a n  a . c .  v o l t a g e  a p p l i e d  t o  i t  t o  p r o d u c e  t h e  d r i v i n g  
f o r c e .  A l t e r n a t i v e l y  a c o u s t i c  w a v e s  m a y  b e  l a u n c h e d  i n t o  t h e  s i l i c o n  b y
b o n d i n g  a  p i e z o e l e c t r i c  t r a n s d u c e r  o n t o  s o m e t h i n g  w h i c h  t h e  r e s o n a t o r  i s
m o u n t e d  o n .  I n  t h i s  w a y  t h e  p r o b l e m s  s u g g e s t e d  i n  2 . 4 . 5  w o u l d  b e  a v o i d e d .  
F o r  p i e z o e l e c t r i c  e x c i t a t i o n  t h e  f o r c e  o n  t h e  r e s o n a t o r  i s  p r o p o r t i o n a l  t o
t h e  a p p l i e d  v o l t a g e  a n d  a t  t h e  s a m e  f r e q u e n c y .
2 . 5 . 3  T h e r m a l
F o r  t h e r m a l  e x c i t a t i o n  a  r e s i s t o r  c a n  b e  b o n d e d  t o  t h e  r e s o n a t o r  a n d  a n
a . c .  v o l t a g e  a p p l i e d  t o  i t .  T h e  p o w e r  d i s s i p a t e d  i n  t h e  r e s i s t o r  i s  V 2 / R  a n d  
t h i s  c a u s e s  h e a t i n g  a n d  s u b s e q u e n t l y  s t r a i n  i n  t h e  r e s o n a t o r .  T h e  d r i v i n g
f o r c e  i s  t h e r e f o r e  a t  d o u b l e  t h e  f r e q u e n c y  o f  t h e  a p p l i e d  v o l t a g e  w i t h  n o
b i a s  a n d  a t  t h e  s a m e  f r e q u e n c y  f o r  l a r g e  b i a s s e s ,  a s  i n  t h e  • e l e c t r o s t a t i c
c a s e .  T h e  t h e r m a l  m e t h o d  h a s  t h e  a d v a n t a g e  t h a t  t h e  r e s o n a t o r  d o e s  n o t  n e e d  
t o  b e  i n  c l o s e  p r o x i m i t y  t o  a n  e l e c t r o d e  a s  i n  t h e  p r e v i o u s  c a s e .
2 . 5 . 4  O p t i c a l
i )  P u l s e d  e x c i t a t i o n  w i t h  t h e  u s e  o f  a  m e t a l  c o a t i n g
T h i s  m a k e s  u s e  o f  t h e  o p t o t h e r m a l  e f f e c t  ( s e e  f i g . 2 . 7 ) .  A  s e m i c o n d u c t o r
l a s e r  c a n  b e  i n t e n s i t y  m o d u l a t e d  b y  a n  e l e c t r i c a l  s i g n a l  a n d  t h i s  p e r i o d i c
l i g h t  i n t e n s i t y  i s  i n c i d e n t  o n  t h e  r e s o n a t o r .  T h e  s i g n a l  c a n  e i t h e r  b e  a
s i n e  w a v e  i n  i n t e n s i t y  o r  s q u a r e  w a v e s  (  s i m i l a r  t o  t h a t  w h i c h  w o u l d  e m e r g e
f r o m  a  v e r y  f a s t  s h u t t e r  ) .  S o m e  o f  t h e  l i g h t  i s  a b s o r b e d  b y  t h e  r e s o n a t o r ,
t h e  f r a c t i o n  a b s o r b e d  b e i n g  d e p e n d a n t  o n  t h e  c o a t i n g ,  i f  a n y ,  u s e d ,  t h e
t h i c k n e s s  o f  t h e  r e s o n a t o r  a n d  t h e  c o a t i n g ,  a n d  w h e t h e r  t h e  r e s o n a t o r  h a s  a
l a r g e  e n o u g h  a r e a  t o  ‘ c a p t u r e  ’ t h e  b e a m  o f  l i g h t  e m e r g i n g  f r o m  t h e  o p t i c a l
f i b r e .  T h e  a b s o r b a n c e  w i l l  b e  q u a n t i t a t i v e l y  d i s c u s s e d  i n  c h a p t e r  5 .  M e t a l s
X 2
x 1 -TLTLTL.
Figure 2.7 D i a g r a m  s h o w i n g  t h e  h e a t  f l o w  a s  a  r e s u l t  o f  a b s o r p t i o n  o f  Xi 
i n  t h e  m e t a l  c o a t i n g
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g e n e r a l l y  h a v e  a  m u c h  g r e a t e r  e x t i n c t i o n  c o e f f i c i e n t  t h a n  r e s o n a t o r  m a t e r i a l s  
f o r  a  g i v e n  w a v e l e n g t h .  T h u s  i f  a  t h i n  c o a t i n g  o f  m e t a l  i s  s p u t t e r e d  o n t o  t h e  
r e s o n a t o r ,  t h e  n o n - r e f l e c t e d  l i g h t  i s  a b s o r b e d  t h r o u g h  a  v e r y  s m a l l  d i s t a n c e  
a n d  i s  m a i n l y  a b s o r b e d  i n  t h e  m e t a l .  A b s o r p t i o n  c a u s e s  h e a t i n g  i n  t h e  m e t a l  
w h i c h  c a n  b e  t h o u g h t  o f  a s  i n s t a n t a n e o u s ,  c o m p a r i n g  i t  w i t h  ♦ t h e  t y p i c a l  
m o d u l a t i o n  f r e q u e n c i e s  u s e d .  T h e  h e a t  s u b s e q u e n t l y  d i f f u s e s  i n t o  t h e
r e s o n a t o r .  T h e  p e r i o d i c  h e a t i n g  c a u s e s  a  p e r i o d i c  s t r a i n .  F l e x u r e  o f  t h e  
b e a m  i s  a  r e s u l t  o f  t h e  d i f f e r e n t i a l  s t r a i n  b e t w e e n  t h e  t o p  a n d  b o t t o m  f a c e s  
o f  t h e  r e s o n a t o r  a n d  t h e  m a g n i t u d e  o f  t h i s  d i f f e r e n t i a l  s t r a i n  i s  e n h a n c e d  b y  
t h e  m e t a l  c o a t i n g .  A s  a  r e s u l t ,  m o d u l a t i o n  o f  t h e  l a s e r  a t  t h e  r e s o n a n t  
f r e q u e n c y  o f  t h e  b e a m  w i l l  c a u s e  r e s o n a n t  v i b r a t i o n s .  T h i s  m e t h o d  r e q u i r e s
t w o  l a s e r s ,  o n e  f o r  e x c i t a t i o n  a n d  t h e  o t h e r ,  o f  c o n s t a n t  i n t e n s i t y ,  t o
d e t e c t  t h e  v i b r a t i o n s .
i i )  S i n g l e  p u l s e
T h i s  m e t h o d  h a s  b e e n  d e m o n s t r a t e d  b y  Z h a n g  e t  a l  [ 1 2 ]  a n d  r e q u i r e s  
t h e  u s e  o f  o n l y  a  s i n g l e  l a s e r .  Z h a n g  u s e d  a  l a s e r  d i o d e  w h i c h  w a s  i n i t i a l l y  
d r i v e n  w e l l  a b o v e  t h r e s h o l d  t o  e m i t  a  s i n g l e  p u l s e  o f  h i g h  i n t e n s i t y  a n d  t h e n
s w i t c h e d  t o  a  l o w  p o w e r ,  j u s t  a b o v e  t h r e s h o l d  t o  o b s e r v e  t h e  r e s u l t a n t
o s c i l l a t i o n s  c a u s e d  b y  t h e  s i n g l e  p u l s e .  T h e  r e s o n a n t  f r e q u e n c y  c a n  b e  f o u n d  
b y  t a k i n g  t h e  f r e q u e n c y  s p e c t r u m  o f  t h e  o u t p u t  f r o m  t h e  p h o t o d e t e c t o r .  T h e  
Q - v a l u e  o f  t h e  r e s o n a t o r  i s  d e t e r m i n e d  b y  t h e  d e c a y  t i m e  o f  t h e  o s c i l l a t i o n s .
F o r  a  s i n g l e  p u l s e  o f  d u r a t i o n  x  t h e n  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  
f r e q u e n c y  c o m p o n e n t s  i n  t h e  p u l s e  a r e  g i v e n  b y  I o x 2 s i n c 2 7 t f x  w h i c h  i s  p l o t t e d
i n  f i g .  2 . 8 .  T h e  a m o u n t  o f  e n e r g y  e  i n  a  b a n d  o f  f r e q u e n c y  o f  w i d t h  A f r ,
w h i c h  i s  c e n t r e d  o n  a  f r e q u e n c y  f r  i s  I o x 2 s i n c 2 ( 7 i x f r ) A f r .  T h e  m a x i m u m
e n e r g y  o c c u r s  w h e n  d e / d x  =  0  i . e .  w h e n  x f r  =  n  +  1 / 2  w h e r e  n  i s  a n y  i n t e g e r .
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Figure 2.8 F r a c t i o n  o f  i n t e n s i t y  a t  a  f r e q u e n c y  f  i n  a  s i n g l e  p u l s e
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T h e  f r a c t i o n  o f  t h e  e n e r g y  i n  t h e  p u l s e  i s  A f r / ( m 2 f r 2 )  i n  t h i s  c a s e  a n d  
t h u s  i s  h i g h e s t  f o r  x f r  =  1 / 2 ,  w h i c h  w i l l  p r o d u c e  t h e  o p t i m u m  r e s p o n s e .
i i i )  S e l f - e x c i t a t i o n
T h i s  t e c h n i q u e  w a s  f i r s t  d e m o n s t r a t e d  b y  S t o k e s  [ 3 ]  a n d  l a t e r  u s e d  b y
Z h a n g  [ 1 3 ] .  I n  s e c t i o n  2 . 4 . 4 . i i ) ,  t h e  t r a n s m i t t a n c e  o f  a  F a b r y - P e r o t  c a v i t y  
w a s  q u a n t i f i e d  b y  e q u a t i o n  2 . 4 ,  T h i s  e q u a t i o n  s t a t e s  t h a t  a s  t h e  r e s o n a t o r  
m o v e s ,  t h e  t r a n s m i t t a n c e  a n d  h e n c e  t h e  a m o u n t  o f  l i g h t  a b s o r b e d  i n  t h e
r e s o n a t o r  c h a n g e s .  I t  i s  t h e r e f o r e  p o s s i b l e  w i t h  a p p r o p r i a t e  b i a s s i n g  t o
o b t a i n  p o s i t i v e  f e e d b a c k  s o  t h a t  t h i s  c h a n g e  i n  a b s o r b a n c e  d r i v e s  t h e
r e s o n a t o r .
F o r  s i m p l i c i t y  l e t  u s  a s s u m e  t h a t  a l l  t h e  t r a n s m i t t e d  l i g h t  i s  a b s o r b e d .  
S u p p o s e  w e  h a v e  a  b i a s  p o i n t  x  =  x o  i . e .  t h e  b e a m  s i t s  i n  e q u i l i b r i u m  a  
d i s t a n c e  x o  f r o m  a n  o p t i c a l  f i b r e .  F o r  t h e  b e a m  t o  o s c i l l a t e  b e t w e e n  p o i n t s  
x o  +  A  a n d  x o  -  A  i . e  w i t h  a m p l i t u d e  A  t h e n  I t ( x o + A ) - I t ( x o - A )  m u s t  e q u a l
t h e  i n t e n s i t y  d i f f e r e n c e  r e q u i r e d  t o  m a k e  t h e  b e a m  o s c i l l a t e  w i t h  a m p l i t u d e
A .  I f  w e  c h o o s e  t h e  b i a s  p o i n t  t o  b e  a t  t h e  m o s t  s e n s i t i v e  p o s i t i o n ,  w h i c h  
o c c u r s  w h e n  F s i n 2 ( 2 i t x A )  =  1 / 2  +  3 F / 4  -  1 / 2 ( 1  +  F  +  9 F 2 / 4 ) 1 / 2  ( o b t a i n e d  b y
p u t t i n g  t h e  s e c o n d  d e i v a t i v e  o f  e q n . 2 . 4  e q u a l  t o  z e r o )  t h e n  t h e  g r a d i e n t  w i l l
f a l l  o f f  e i t h e r  s i d e .  I t  t h e r e f o r e  f o l l o w s  t h a t  t h e  g r a d i e n t  a t  t h e  b i a s
p o i n t  m u s t  b e  g r e a t e r  t h a n  t h e  d e f l e c t i o n  p e r  u n i t  p o w e r  o f  t h e  b e a m  a s
i n d i c a t e d  b y  Z h a n g  e t  a l .
I t  i s  a l s o  a p p a r e n t  t h a t  t h e  t r a n s m i t t e d  i n t e n s i t y  i s  a l w a y s  e i t h e r  i n
p h a s e  w i t h  t h e  m o t i o n  o f  t h e  r e s o n a t o r  o r  o u t  o f  p h a s e  b y  T t ,  d e p e n d i n g  o n  ,
w h i c h  s i d e  o f  t h e  p e a k  t h e  b i a s  i s  s i t u a t e d .  I t  i s  c l e a r  t h e r e f o r e  t h a t  i f
t h e  p h a s e  a n g l e  b e t w e e n  t h e  m o t i o n  o f  t h e  r e s o n a t o r  a n d  t h e  i n c i d e n t
i n t e n s i t y  i s  z e r o  a t  r e s o n a n c e  f o r  p u l s e d  e x c i t a t i o n  t h e n  t h e  b e a m  w i l l
20
r e s o n a t e ,  u n d e r  t h e  a p p r o p r i a t e  c o n d i t i o n s  o f  i n p u t  p o w e r  a n d  b i a s  p o i n t ,
w h e n  e x p o s e d  t o  a  c o n t i n u o u s  l a s e r  i n t e n s i t y .  I f ,  h o w e v e r ,  t h e  p h a s e  a n g l e
f o r  p u l s e d  e x c i t a t i o n  w e r e  i c / 2  t h e n  t h e  r e s o n a t o r  c o u l d  n o t  b e  s e l f - e x c i t e d  
u n d e r  a n y  c o n d i t i o n s .  A n y  i n t e r m e d i a t e  a n g l e  w o u l d  r e s u l t  i n  a  n o n - r e s o n a n t
v i b r a t i o n  w i t h  t h e  c o n d i t i o n  X Y a c o s o c  >  1  w h e r e  a  i s  t h e  p h a s e  a n g l e  b e t w e e n
t h e  m o t i o n  o f  t h e  r e s o n a t o r  a n d  t h e  i n c i d e n t  i n t e n s i t y ,  X  t h e  d e f l e c t i o n  p e r
u n i t  p o w e r  a n d  Y a  t h e  s l o p e  o f  t h e  t r a n s m i t t a n c e  c u r v e  a t  t h e  b i a s  p o i n t ,  
u s i n g  t h e  n o t a t i o n  a d o p t e d  b y  Z h a n g .  F r o m  t h e  p h a s e  m e a s u r e m e n t s  m a d e  i n
t h i s  w o r k  s o m e  c o n c l u s i o n s  a b o u t  s e l f - e x c i t a t i o n  w i l l  b e  d i s c u s s e d  l a t e r .
2 . 5 . 5  S u m m a r y  o f  o p t i c a l  m e t h o d s
P u l s e d  e x c i t a t i o n  r e q u i r e s  a  p h a s e  l o c k  l o o p  t o  k e e p  t h e  b e a m  a t
r e s o n a n c e  a n d  t h e  u s e  o f  t w o  l a s e r s .  T h e  s i n g l e  p u l s e  m e t h o d  h a s  t h e  
a d v a n t a g e  o f  r e q u i r i n g  o n l y  o n e  l a s e r  a n d  n o  p h a s e  l o c k  l o o p  b u t  b y  i t s
n a t u r e  t h e  a m p l i t u d e  p r o d u c e d  a n d  h e n c e  t h e  s i g n a l  o u t p u t  i s  s m a l l  c o m p a r e d
w i t h  t h e  p u l s e d  e x c i t a t i o n  a n d  a l s o  a  f r e q u e n c y  s p e c t r u m  a n a l y s e r  i s
r e q u i r e d .  S e l f - e x c i t a t i o n  a l s o  r e q u i r e s  o n l y  o n e  l a s e r  a n d  h a s  t h e  a d v a n t a g e
o f  r e q u i r i n g  n o  s p e c t r u m  a n a l y s i s .  I t  d o e s ,  h o w e v e r ,  n e e d  s o m e  w a y  o f  
m a i n t a i n i n g  t h e  b i a s  p o i n t .  T h i s  w a s  s u c c e s s f u l l y  a c h i e v e d  b y  Z h a n g  b y
e m p l o y i n g  a  p h a s e  l o c k  l o o p  w h i c h  c o m p e n s a t e d  f o r  t h e  s h i f t  i n  s e p a r a t i o n  b y
t u n i n g  t h e  l a s e r  w a v e l e n g t h .  T h e  o n l y  d i s a d v a n t a g e  o f  s e l f - e x c i t a t i o n  i s
t h a t  t h e r e  i s  a  m i n i m u m  t h r e s h o l d  p o w e r  r e q u i r e d  f o r  o s c i l l a t i o n  a n d  h e n c e
o p e r a t i o n .
2 . 6  A d v a n t a g e s  o f  s i l i c o n
I t  h a s  b e c o m e  a p p a r e n t  t h a t  s i l i c o n  i s  p l a y i n g  a n  i n c r e a s i n g l y  i m p o r t a n t
r o l e  i n  t h e  m a n u f a c t u r e  o f  s e n s o r s .  A  l a r g e  n u m b e r  o f  t h e  s e n s o r s  b e i n g
r e s e a r c h e d  a n d  p r e s e n t e d  a t  r e c e n t  i n t e r n a t i o n a l  c o n f e r e n c e s  o n  s o l i d  s t a t e
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s e n s o r s  a n d  a c t u a t o r s  ( e . g .  [ 1 4 ] )  h a v e  i n v o l v e d  t h e  u s e  o f  s i l i c o n .  T h e  
r e a s o n s  f o r  t h i s  a r e  n u m e r o u s .
F i r s t l y  s i l i c o n  i s  o n e  o f  t h e  m o s t  a b u n d a n t  m a t e r i a l s  o n  E a r t h  a n d  i s  
i n e x p e n s i v e  t o  p r o d u c e  i n  i t s  p u r e  f o r m .  I t  c a n ,  i n  f a c t ,  b e  p r o c e s s e d  t o  a  
v e r y  h i g h  d e g r e e  o f  p u r i t y  a n d  p e r f e c t i o n  a n d  t h i s  h a s  t h e  a d v a n t a g e s  o f  
r e d u c i n g  f a t i g u e ,  w h i c h  i m p l i e s  l o n g e r  l i f e t i m e s ,  a n d  r e d u c i n g  i n t e r n a l  
f r i c t i o n  i n  t h e  r e s o n a t o r ,  h e n c e  r e d u c i n g  t h e  p o w e r  r e q u i r e m e n t  f o r  
e x c i t a t i o n .
T h e  s e c o n d  i m p o r t a n t  r e a s o n  i s  m i n i a t u r i s a t i o n .  S i l i c o n  p r o c e s s i n g  i s  
b a s e d  o n  t h i n  f i l m  d e p o s i t i o n  a n d  h e n c e  i s  h i g h l y  a m e n a b l e  t o
m i n i a t u r i s a t i o n .  A l s o  h i g h  d e f i n i t i o n  a n d  r e p r o d u c i b i l i t y  c a n  b e  a c h i e v e d  
f o r  a l l  m a n n e r  o f  d e v i c e  s h a p e s .
M o s t  i m p o r t a n t  o f  a l l  f r o m  t h e  c o m m e r c i a l  p r o d u c t i o n  p o i n t  o f  v i e w  i s  
t h e  f a c t  t h a t  i n t e g r a t e d  c i r c u i t  t e c h n o l o g y  i s  a  b a t c h  p r o c e s s  a n d  a s  s i l i c o n
f a b r i c a t i o n  t e c h n i q u e s  a r e  d e r i v e d  f r o m  i . e .  t e c h n o l o g y  t h e n  s i l i c o n  
s t r u c t u r e s  c a n  a l s o  b e  f a b r i c a t e d  b y  b a t c h .
A s  a  m e c h a n i c a l  m a t e r i a l  s i l i c o n  a l s o  h a s  t h e  a d v a n t a g e  o f  h a v i n g  a  
y i e l d  s t r e n g t h  o v e r  t h r e e  t i m e s  t h a t  o f  s t a i n l e s s  s t e e l  a n d  a  Y o u n g ’ s  m o d u l u s  
a p p r o a c h i n g  t h a t  o f  s t a i n l e s s  s t e e l  [ 1 5 ] .  T h i s  d i s p e l s  t h e  m i s c o n c e p t i o n  
t h a t  s i l i c o n  i s  m e c h a n i c a l l y  f r a g i l e .  T h i s  m i s c o n c e p t i o n  o c c u r s  b e c a u s e  
s i l i c o n  w a f e r s  c a n  s o m e t i m e s  e a s i l y  b r e a k  o r  c h i p .  I f  o n e  c o n s i d e r s ,  t h o u g h ,
t h e  f a c t  t h a t  d i a p h r a g m s  u s e d  i n  t h i s  w o r k  o f  o n l y  6  | i m  t h i c k n e s s '  w e r e  s t u c k  
a n d  u n s t u c k  t o  a  l a r g e  b r a s s  p l a t e  w i t h  a  s t r o n g  g l u e  s e v e r a l  t i m e s  w i t h o u t
b r e a k a g e  t h e n  t h e s e  i d e a s  a r e ,  i n  f a c t ,  a  l i t t l e  u n j u s t i f i e d .
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2.7 Fabrication techniques
E t c h i n g
C h e m i c a l  e t c h i n g  i s  t h e  m o s t  p o w e r f u l  t o o l  u s e d  i n  d e v i c e  f a b r i c a t i o n  t o
r e m o v e  s i l i c o n .  T h r e e  e t c h a n t  s y s t e m s  a r e  c o m m o n l y  u s e d ,  n a m e l y  E D P
(  e t h y l e n e  d i a m i n e ,  p y r o c a t e c h o l  a n d  w a t e r  ) ,  K O H  a n d  w a t e r  a n d  H N A
(  h y d r o f l u o r i c ,  n i t r i c  a n d  a c e t i c  a c i d s  ) .  A  t a b l e  o f  t h e  p r o p e r t i e s  o f  e a c h  
s e t  o f  e t c h a n t s  f o r  v a r i o u s  c o m p o s i t i o n s  i s  g i v e n  i n  f i g . 2 . 9  a s  d e s c r i b e d  b y
P e t e r s e n  [ 1 5 ] .  I t  c a n  b e  s e e n  t h a t  b o t h  E D P  a n d  K O H  a r e  a n i s o t r o p i c ,  t h a t  
i s ,  a t t a c k  t h e  [ 1 1 1 ]  p l a n e  m u c h  m o r e  s l o w l y  t h a n  t h e  [ 1 0 0 ]  p l a n e .  T h i s  m e a n s
t h a t  v a r i o u s  g e o m e t r i e s  o f  h o l e  c a n  b e  r e a l i s e d  b y  a p p r o p r i a t e  o r i e n t a t i o n  o f
t h e  s i l i c o n  s u r f a c e  b e i n g  e t c h e d .  E D P  h a s  t h e  a d v a n t a g e  t h a t  a  v a r i e t y  o f
m a t e r i a l s  c a n  b e  u s e d  a s  m a s k s  w i t h  v e r y  l o w  e t c h  r a t e s .  K O H  h a s  t h e
a d v a n t a g e  t h a t  i t  h a s  a  h i g h  e t c h  r a t e  r a t i o  ( 4 0 0 : 1 )  a n d  t h i s  i m p l i e s  m i n i m a l
u n d e r c u t t i n g  o f  a  m a s k .
E t c h  S t o p s
I t  w a s  o b s e r v e d  b y  G r e e n w o o d  [ 1 6 ]  t h a t  p - t y p e  s i l i c o n  ( b o r o n  d o p e d )  w a s
r e s i s t a n t  t o  e t c h i n g  b y  E D P  a n d  K O H .  F o r  h i g h  b o r o n  c o n c e n t r a t i o n s  t h e  e t c h
r a t e  w i t h  E D P  i s  c l o s e  t o  z e r o .  T h e  b o r o n  a d d s  f u r t h e r  v e r s a t i l i t y  a n d  m e a n s
t h a t  s t r u c t u r e s ,  f o r  e x a m p l e  b e a m s ,  c a n  b e  m a n u f a c t u r e d  w i t h  w e l l  d e f i n e d  
t h i c k n e s s e s  i n  t h e  r a n g e  1  t o  1 0  p m .  F o r  t h i c k e r  s t r u c t u r e s  l o n g  d i f f u s i o n  
t i m e s  a r e  r e q u i r e d .
M a s k i n g  T e c h n i q u e s
T h e  c o m m o n  m a s k i n g  m a t e r i a l s  u s e d  f o r  s i l i c o n  a r e  s i l i c a  ( S i 0 2 )  a n d
23
E t c h a n t
( D i l u e n t )
T y p i c a l  
C o m p o -  
. s i t i o n s
T e m p
° C
E t c h
R a t e
( ^ m / m i n l
A n i s o t r o p i c
( 1 0 0 ) / < 1 U )
E t c h  R a t e  D o p a n t  
R a t i o  D e p e n d e n c e
M a s k i n g  F i l m s  
( e t c h  r a t e  o f  m a s k )
H F 1 0  m i £  1 0 l 7 c i t r 3 n  o r  p
H N O - j
( w a t e r .
C H - , C O O H )
3 0  m l  
8 0  m l
2 5  m i
2 2 0 . 7 - 3 . 0 1 : 1 r e d u c e s  e t c h  r a t e  
b y  a b o u t  1 5 0
S i O - .  ( 3 0 0 A / m i n )
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F i g u r e  2 . 9  P r o p e r t i e s  o f  v a r i o u s  s i l i c o n  e t c h a n t s
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s i l i c o n  n i t r i d e  ( S i ^ N ^ ) .  T h e s e  m a t e r i a l s  a r e  r e s i s t a n t  t o  t h e  e t c h e s  E D P  a n d  
K O H  a n d  s o  c a n  b e  u s e d  t o  d e f i n e  t h e  a r e a s  n o t  t o  b e  e t c h e d .  W i t h  c o r r e c t
o r i e n t a t i o n  o f  t h e  s u r f a c e  c o m b i n e d  w i t h  a  h i g h  e t c h  r a t e  r a t i o  o f  [ 1 0 0 ]  t o
[ 1 1 1 ] ,  t h e n  l i t t l e  u n d e r c u t t i n g  r e s u l t s .
T w o  t y p e s  o f  p h o t o r e s i s t  a r e  a v a i l a b l e ,  n a m e l y  p o s i t i v e  a n d  n e g a t i v e ,  
d e p e n d i n g  o n  w h e t h e r  t h e y  b e c o m e  r e s i s t a n t  o r  n o n - r e s i s t a n t  t o  e t c h i n g  o n
b e i n g  e x p o s e d  t o  u l t r a v i o l e t  r a d i a t i o n .  A s  a  r e s u l t  i f  a  l a y e r  o f
p h o t o r e s i s t  i s  d e p o s i t e d  o n t o  s i l i c a ,  f o r  e x a m p l e ,  t h e n  a  p h o t o m a s k  c a n  b e
u s e d  t o  d e f i n e  t h e  a r e a s  r e s i s t a n t  t o  e t c h i n g .  T w o  s e l e c t i v e  e t c h e s  c a n  t h e n  
b e  u s e d  t o  f i r s t  r e m o v e  t h e  p h o t o r e s i s t  a n d  t h e n  t h e  s i l i c a  a n d  l e a v e  e x p o s e d
s i l i c o n  w h i c h  c a n  b e  e t c h e d  t o  t h e  d e s i r e d  d e p t h .  A l t e r n a t i v e l y  t h e  s i l i c o n
c a n  b e  b o r o n  d i f f u s e d  t o  t h e  r e q u i r e d  d e p t h  a n d  t h e  r e m a i n d e r  e t c h e d  f r o m  t h e  
b a c k s i d e  o f  t h e  w a f e r .  T h i s  m e t h o d  i s  p a r t i c u l a r l y  u s e f u l  f o r  t h e
f a b r i c a t i o n  o f  r e s o n a t o r s .
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C H A P T E R  3
P R O P E R T I E S  O F  R E S O N A N T  S Y S T E M S
T h e  f o l l o w i n g  c h a p t e r  d e s c r i b e s  s o m e  o f  t h e  g e n e r a l  p r o p e r t i e s  o f
r e s o n a n t  s y s t e m s ,  c o n c e n t r a t i n g  o n  t r a n s v e r s e  v i b r a t i o n s  o f  a  r e c t a n g u l a r  
b e a m ,  r e l e v a n t  t o  t h e  m e a s u r e m e n t s  m a d e  i n  t h i s  w o r k .  T h e  t h e o r e t i c a l  
s o l u t i o n  f o r  t h e  s h a p e  o f  d e f l e c t i o n  o f  t h e  b e a m  f o r  t h e  g e n e r a l  c a s e  i s  
g i v e n ,  t o g e t h e r  w i t h  t h e  p a r t i c u l a r  s o l u t i o n s  f o r  a  b e a m  w i t h  f r e e  e n d s  a n d  
t h e n  f i x e d  e n d s  b y  a p p l y i n g  t h e  a p p r o p r i a t e  b o u n d a r y  c o n d i t i o n s .
T h e  e n e r g y  s t o r e d  i n  t h e  b e a m  i s  c a l c u l a t e d  a n d  t h e n  t h e  e f f e c t  o n  t h e  
r e s o n a n t  f r e q u e n c y  o f  a n  a p p l i e d  t e n s i o n  a l o n g  t h e  l e n g t h  o f  t h e  b e a m .
T h e  e f f e c t  o f  d a m p i n g  i s  i n t r o d u c e d  w i t h  a  s i m p l e  m e c h a n i c a l  m o d e l ,  
l e a d i n g  t o  t h e  d e f i n i t i o n  o f  t h e  Q  f a c t o r  a n d  a  d i s c u s s i o n  o f  i t s
s i g n i f i c a n c e .  T h e  v i s c o u s  l o s s  i s  t h e n  d e a l t  w i t h  i n  m o r e  d e t a i l  t o g e t h e r
w i t h  a  q u a n t i t a t i v e  l o o k  a t  s t r u c t u r a l  d a m p i n g .  T w o  o f  t h e  i n t r i n s i c  l o s s
m e c h a n i s m s  o f  p a r t i c u l a r  r e l e v a n c e  t o  t h e  s y s t e m  i n  t h i s  w o r k  a r e  d e s c r i b e d .
H y s t e r e s i s  i s  b r i e f l y  m e n t i o n e d  t o g e t h e r  w i t h  a  d e s c r i p t i o n  o f  t h e
r e s u l t a n t  b e h a v i o u r  o f  t h e  s y s t e m  w h e n  d r i v e n  t o  h i g h  a m p l i t u d e  a n d  t h e  n e e d
t o  a v o i d  t h i s  p h e n o m e n o n  i n  a  p r a c t i c a l  s e n s o r  s y s t e m .
T h e  p r o p e r t i e s  o f  c o u p l e d  r e s o n a t o r s  a r e  c a l c u l a t e d  w i t h  a  v i e w  t o  a n  
a l t e r n a t i v e  m e t h o d  o f  q u a n t i f y i n g  t h e  s t r u c t u r a l  d a m p i n g  a n d  c o m p a r i s o n  i s
m a d e  b e t w e e n  t h e  t w o  s o l u t i o n s .
3.1 Introduction
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3.2 Transverse Vibrations of Simple Beams
3 . 2 . 1  I n t r o d u c t i o n
T h e  m e a s u r e m e n t  s y s t e m  i n t r o d u c e d  i n  c h a p t e r  2  a n d  s h o w n  i n  f i g . 2 . 2  i s  
b e s t  s u i t e d  t o  i n v e s t i g a t e  t r a n s v e r s e  v i b r a t i o n s .  W e  t h e r e f o r e  s u m m a r i s e  t h e  
t h e o r e t i c a l l y  e x p e c t e d  s h a p e  o f  v i b r a t i o n ,  r e s o n a n t  f r e q u e n c y  a n d  s t o r e d  
e n e r g y  f o r  t h e  u n s t r e s s e d  b e a m  p e r f o r m i n g  t r a n s v e r s e  v i b r a t i o n s .  T h e n  t h e  
e f f e c t  o f  a n  a p p l i e d  t e n s i o n  o n  t h e  r e s o n a n t  f r e q u e n c y  i s  a l s o  g i v e n  t o g e t h e r  
w i t h  i t s  s i g n i f i c a n c e .
3 . 2 . 2  S h a p e  o f  D e f l e c t i o n
I f  w e  c o n s i d e r  t h e  s i m p l e  r e c t a n g u l a r  b e a m  i n  f i g . 3 . 1  o f  l e n g t h  L ,  w i d t h  
W  a n d  t h i c k n e s s  T  (  L > W > T  ) ,  t h e n  u s i n g  t h e  a n a l y s i s  b y  W a r b u r t o n  [ 1 7 ] ,  t h e  
m o d a l  s h a p e  y ( x )  f o r  t r a n s v e r s e  v i b r a t i o n s ,  a s s u m i n g  t h e  b e a m  i s  n o t  
s u b j e c t e d  t o  a n y  l o n g i t u d i n a l  t e n s i o n ,  i s  g i v e n  b y :
y ( x )  =  B ^ i n X x  +  B 2 c o s X x  +  B 3 s i n h f a c  +  B 4 c o s h X x  ( 3 . 1 )
w i t h  X 4  =  1 2  p  L o o 2  w h e r e  p  i s  t h e  d e n s i t y  o f  t h e  b e a m ,  c o  i t s  a n g u l a r  f r e q u e n c y  
E T 3
a n d  E  t h e  Y o u n g s  m o d u l u s
T h e  v a l u e  o f  X a n d  t h e  c o n s t a n t s  B  , B  , B  a n d  B J a r e  d e t e r m i n e d  b y  t h e
1 2  3 .  4 J
b o u n d a r y  c o n d i t i o n s .
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JFigure 3.1 Transverse vibration of beam in the y-direction
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3.2.3 Boundary conditions
( i )  F r e e - F r e e  b e a m
H e r e  t h e  b e a m  i s  n o t  h e l d  o r  s u p p o r t e d  a t  t h e  e n d s  a n d  t h u s  w e  h a v e  f o r  
t h e  b o u n d a r y  c o n d i t i o n s :
, 2
d  y
dx
= 0  a n d
x=0
d2y
d x 2
= 0
x = L
b e c a u s e  t h e r e  i s  n o  r o t a t i o n a l  c o n s t r a i n t  a n d  s o  t h e r e  w i l l  b e  n o  c u r v i n g  o r  
f l e x i n g  a t  t h e  e n d s .
a n d  a l s o d 3 y
d x :
= 0  a n d
x= 0 d x :
= 0
x = L
t h i s  r e p r e s e n t s  n o  s h e a r i n g  a t  t h e  e n d s .
T h e  s o l u t i o n  i s  t h e r e f o r e  :
y .  =  A  ( C . s i n X x  +  c o s X . x  +  C . s i n h X . x  +  c o s h X . x )  ( 3 . 2 )
•th
w h e r e  i  d e n o t e s  t h e  i  m o d e  a n d  i s  a n  i n t e g e r  a n d  A  =  A m p l i t u d e  a t  e n d .
C .  =  c o s A ,  L  -  c o s h X . L
i i  i
s i n h A ,  L  - s i n X . L
i i
w i t h  X .  t h e  1 t h  s o l u t i o n  o f  c o s A L c o s h A J L  =  1 ,  i . e .  A j L  “  ( i + l / 2 ) 7 T
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and therefore:
C O 2  =  ( i + l / 2 ) V E T 2  
1 2 p L 4
(3.3)
( i i )  F i x e d - F i x e d  b e a m
H e r e  t h e  e n d s  o f  t h e  b e a m  a r e  f i x e d ,  n o t  m e r e l y  s u p p o r t e d .  T h u s  w e  h a v e  f o r  
t h e  b o u n d a r y  c o n d i t i o n s  :
y = 0  a t  x = 0  a n d  x = L
a n d  d- y  
d x
d y
= 0  a n d  ^  
x = o  d x
= 0
x = L
T h e  s h a p e  o f  d e f l e c t i o n  i n  t h i s  c a s e  i s :
y  =  A  [ C r  ( s i n X . x  -  s i n h X x )  +  cosX.x - c o s h X . x ]  ( 3 . 4 )
1 T7W 27 1
w i t h  A  r e p r e s e n t i n g  t h e  a m p l i t u d e  i n  t h e  c e n t r e  o f  t h e  b e a m .  C .  a n d  X.
a r e  a s  i n  t h e  p r e c e d i n g  c a s e .  i . e .  t h e  f r e q u e n c i e s  a r e  t h e  s a m e .
3 . 2 . 4  E n e r g y  S t o r e d  i n  B e a m
T h e  e n e r g y  s t o r e d  p e r  u n i t  v o l u m e  =  l / 2 E e 2  w h e r e  e  i s  t h e  s t r a i n .  T h e  
s t r a i n  i n  a  f l e x e d  b e a m  g i v e n  b y  L a n g d o n  [ 1 8 ]  i s  :
e ( x , y )  =  ( y - T / 2 ) . < r t y  
d x 2
a n d  t h u s  t h e  s t o r e d  e n e r g y =  E W T 3  r L
r j 2  -1
d  y
2 4  K d x 2
dx (3.5)
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f o r  a  t r a n s v e r s e  m o d e  g i v e n  b y  y ( x ) .  
I n t e g r a t i o n  o f  ( 3 . 5 )  y i e l d s :
e  =  C E W T 3 A 2  ( 3 . 6 )
s t o r e d  -----------------------
L 3
w h e r e  C  d e p e n d s  u p o n  t h e  s h a p e  o f  t h e  d e f l e c t i o n .  F o r  a  
C  =  5 * 2 1 4  f o r  t h e  f i r s t  m o d e  a n d  t h u s  e  =  9  x l 0 ‘ 1 3  J  f o r
s  t o  r  e d
l O O n m  f o r  t h e  p r e s s u r e  t r a n s d u c e r  s h o w n  i n  f i g s . 2 . 1  a n d  2 . 2 .
3 , 2 . 5  E f f e c t  o f  T e n s i o n
A s  d e s c r i b e d  b y  T i m o s h e n k o  [ 1 9 ]  t h e  r e s o n a n t  f r e q u e n c y  o f  
t o  a  t e n s i l e  f o r c e  F  i s  g i v e n  b y :
c o .  =  i 2 7 t 2 a
i •— — —
1  +
F L
i E I  J t
( 3 . 7 )
f o r  t h e  i *  m o d e  w i t h  a  =  ( E U p W T ) l / 2  a n d  I  =  W T 3 / 1 2
T h i s  i s  f o r  t h e  c a s e  o f  a  s i m p l y  s u p p o r t e d  b e a m .  I t  c a n  b e
t h e  f r e e - f r e e  a n d  f i x e d - f i x e d  b e a m s  t h a t :
c o .  =  ( i + l / 2 ) 2 7 t 2 a
1  +
F L " =  c o
( i + l / 2 ) V E I
O i 1  +
F L
( i + 1 / 2 )  V e I
w h e r e  c o Q . i s  t h e  u n s t r e s s e d  r e s o n a n t  f r e q u e n c y  c a l c u l a t e d  i n  3 . 2 . 3 .
f r e e - f r e e  b e a m  
a n  a m p l i t u d e  o f
a  b e a m  s u b j e c t
s h o w n  t h a t  f o r  
( 3 . 8 )
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T h u s  f o r  l a r g e  t e n s i o n  i . e .  F  »  ( i + l / 2 ) 2 r c 2 E I
L 2
t h e n  c o .  «  ( i + l / 2 ) 7 t  | F  =* ( i + l / 2 ) r c  j n e  ( 3 . 9 )
1 E  J p W T  E  -1 p “
i . e .  t h e  r e s o n a n t  f r e q u e n c y  b e c o m e s  p r o p o r t i o n a l  t o  1 / L .  T h e  i n c r e a s e  i n
f r e q u e n c y  s h o w n  a b o v e  i s  t h e  b a s i s  o f  h o w  r e s o n a t o r s  c a n  b e  m a d e  t o  b e
p r e s s u r e  s e n s i t i v e ,  a s  d e s c r i b e d  i n  c h a p t e r  2 .
3 . 3  E f f e c t  o f  D a m p i n g
3 . 3 . 1  I n t r o d u c t i o n
T h e  a n a l y s i s  i n  3 . 2  f o r  t h e  r e c t a n g u l a r  b e a m  i s  v a l i d  o n l y  w h e n  t h e r e  i s  
n o  l o s s  o f  e n e r g y  i n  t h e  s y s t e m  i . e .  w h e n  e x c i t e d  i t  w o u l d  c o n t i n u e  t o
o s c i l l a t e  i n d e f i n i t e l y  a t  o n e  v e r y  p r e c i s e  f r e q u e n c y .  I n  a n y  r e a l  s y s t e m
t h e r e  i s  a l w a y s  s o m e  l o s s  p r e s e n t .  A n  e x a m p l e  i s  t h e  l o s s  c a u s e d  b y  t h e  a i r
s u r r o u n d i n g  t h e  b e a m  a n d  t h i s  w i l l  b e  c o n s i d e r e d  i n  t h e  f o l l o w i n g  s i m p l e  
m o d e l .  T h e  e x p e c t e d  a m p l i t u d e  a n d  p h a s e  a s  a  f u n c t i o n  o f  f r e q u e n c y  a r e  
c a l c u l a t e d  f r o m  t h e  m o d e l  t o g e t h e r  w i t h  t h e  e n e r g y  g a i n e d  f r o m  t h e  d r i v i n g
f o r c e  a n d  t h e  e n e r g y  l o s t  t o  t h e  s u r r o u n d i n g  a i r ,  b o t h  i n  o n e  c y c l e .  T h e  Q  
f a c t o r  i s  t h e n  d e f i n e d  a n d  e v a l u a t e d  u s i n g  t h e  p r e c e d i n g  c a l c u l a t i o n s .
A l t h o u g h  t h e  e x p r e s s i o n s  a p p e a r  i n  m a n y  t e x t b o o k s  t h e  r e s u l t s  a r e  o f  g r e a t  
s i g n i f i c a n c e  t o  t h e  w o r k  a n d  t h e  e q u a t i o n s  a r e  r e f e r r e d  t o  s e v e r a l  t i m e s
l a t e r .  I t  i s  t h e r e f o r e  f e l t  t h a t  t h e i r  i n c l u s i o n  i s  w o r t h w h i l e .
3 . 3 . 2  S i m p l e  M o d e l  f o r  L o s s
A  s i m p l e  m o d e l  f o r  a  v i b r a t i n g  b e a m  s u r r o u n d e d  b y  a i r  i s  s i m p l y  a  m a s s  m  
a t t a c h e d  t o  a  r i g i d  b o d y  b y  a  s p r i n g  o f  e l a s t i c  c o n s t a n t  k ,  t h e  m a s s  b e i n g
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surrounded by a viscous fluid of damping constant R.
F o s i n c o t  =  m d 2 y  +  R d y  +  k y  ( 3 . 1 0 )
d t 2  d t
w h e r e  F o s i n c o t  r e p r e s e n t s  t h e  d r i v i n g  f o r c e  a n d  y  t h e  d i s p l a c e m e n t  
m a s s .  T h e  s t e a d y  s t a t e  s o l u t i o n  ( t  - >  < » )  i s :
y  =  A s i n ( c o t  +  (j)) ( 3 . 1 1 )
w i t h  A  =  F o [ ( k - m ( f l 2 ) 2 + c o 2 R 2 ] ’ 1 0  ( 3 . 1 2 )
T h e  p h a s e  a n g l e  b e t w e e n  t h e  m o t i o n  o f  t h e  m a s s  a n d  t h e  d r i v i n g  f o r c e  i; 
b y :
t a n < j >  =  c o R  ( 3 . 1 3 )
k - m c o 2
T h e  r e s o n a n t  f r e q u e n c y  o c c u r s  w h e n  t h e  a m p l i t u d e  i s  a  m a x i m u m ,  h e n c e
c o r 2  =  2 m k - R 2  ( 3 . 1 4 )
2  m 2
i f  R 2 «  2 m k  t h e n  c o r 2  «  k / m  a n d  (j) ^  %/2 a t  r e s o n a n c e .
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o f  t h e
g i v e n
T h e  e n e r g y  g a i n e d  b y  t h e  m a s s  i n  o n e  c y c l e  f r o m  t h e  d r i v i n g  f o r c e  i s
J 2 7 C / C O
e  . =  F ( t )  f d y )  d t  a n d  s o :
s a m e d  J 0  I t t f I
p 2 7 t / C O
e  =  F o s i n c o t . A c o c o s ( c o t  +  <j>) d t  =  F o A 7 t s i n ( | )  ( 3 . 1 5 )
g a i n e d  J  ‘
=  F o A t c  a t  r e s o n a n c e
T h e  e n e r g y  l o s t  p e r  c y c l e  t o  t h e  s u r r o u n d i n g  a i r  i s :
e  = |  R f d v ) 2  d t  a n d  i s  t h e r e f o r e
lost
e ,
l o s t
p27t/CO
j:  Ri ) '
7 7 U / C 0
=  T  R A 2 o o 2 c o s 2 ( c o t  +  <j>) d t  =  R A 2 c o j c  ( 3 . 1 6 )
J  A
T h e  m a x i m u m  a m p l i t u d e  i s  r e a c h e d  w h e n  e  . , =  e ,  . I t  c a n  b e  s e e nx g a i n e d  l o s t
t h e r e f o r e  t h a t  t h e  f i n a l  a m p l i t u d e  i s :
A  =  F o s i n c j )  =  F o  a t  r e s o n a n c e  ( 3 . 1 7 )
c b K  C O r R
3 . 3 . 3  T h e  Q  F a c t o r
T h e  Q  f a c t o r  i s  a  m e a s u r e  o f  t h e  f r a c t i o n a l  l o s s  i n  t h e  s y s t e m  a n d
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defined to be:
Q  =  2 k  x  s t o r e d  e n e r g y  
e n e r g y  l o s t / c y c l e
U s i n g  ( 3 . 1 6 )  a n d  t h e  f a c t  t h a t  t h e  s t o r e d  e n e r g y  i n  t h e  s p r i n g  i s  1 / 2  k A 2  
t h e n :
Q = k  = mcor (3.18)
C O r R  — R “
i . e .  d e p e n d a n t  o n l y  o n  t h e  f i x e d  p r o p e r t i e s  o f  t h e  s y s t e m  a n d  n o t  t h e  d r i v i n g  
f o r c e  o r  a m p l i t u d e .  I t  c a n  b e  s e e n  t h a t  b y  c o m p a r i n g  e q u a t i o n s  ( 3 . 1 7 )  a n d  
( 3 . 1 8 )  t h a t  t h e  f i n a l  a m p l i t u d e  A  i s  p r o p o r t i o n a l  t o  t h e  Q  f a c t o r .
U s i n g  e q u a t i o n  ( 3 . 1 2 )  t o g e t h e r  w i t h  ( 3 . 1 7 )  i t  c a n  b e  s h o w n  ( b y  
c o m p a r i s o n  w i t h  e q n . 3 . 1 8 )  t h a t :
Q  =  C O r  ( 3 . 1 9 )
“ T S r n
w h e r e  2 A c o  =  t h e  f u l l  b a n d w i d t h  t a k e n  w h e r e  t h e  a m p l i t u d e  h a s  f a l l e n  b y  a  
f a c t o r  o f  Vi f r o m  i t s  v a l u e  a t  r e s o n a n c e  ( s e e  f i g . 3 . 2 ) .
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A m p l i t u d e  v s  f r e q u e n c y  o f  r e s o n a t o r  w i t h  Q = 1 0 0 0
G ? A ) r
F i g u r e  3 . 2  T h e o r e t i c a l  r e s o n a n c e  c u r v e  s h o w i n g  t h e  b a n d w i d t h
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I t  c a n  b e  s e e n  t h a t  a  h i g h  Q  i s  i m p o r t a n t  f o r  t w o  r e a s o n s :
F i r s t l y ,  t o  o b t a i n  a  h i g h  a m p l i t u d e  o u t p u t  s i g n a l  f o r  r e l a t i v e l y  l o w  e n e r g y  
i n p u t ,  a n d  s e c o n d l y ,  t h e  r e s o n a n t  f r e q u e n c y  c a n  b e  d e t e r m i n e d  m o r e  
a c c u r a t e l y .  H e n c e  a n y  s m a l l  c h a n g e s  c a n  b e  s e n s e d  m o r e  e a s i l y ,  m a k i n g  t h e  
s y s t e m  m o r e  s e n s i t i v e .  V a c u u m  e n c a p s u l a t i o n  o f  t h e  b e a m s  i n v e s t i g a t e d  i n
t h i s  w o r k  w a s  t h e r e f o r e  e m p l o y e d  a n d  w o u l d  b e  f a v o u r a b l e  f o r  a n y  r e s o n a n t
s e n s o r  w i t h  t h e  r e q u i r e m e n t s  s t a t e d  a b o v e .
3 . 4  L o s s  M e c h a n i s m s
3 . 4 . 1  I n t r o d u c t i o n
A f t e r  i n t r o d u c i n g  t h e  c o n c e p t  o f  l o s s  d u e  t o  v i s c o u s  d a m p i n g  l e t  u s  n o w  
c o n s i d e r  t h i s  i n  m o r e  d e t a i l ,  t o g e t h e r  w i t h  s o m e  o f  t h e  o t h e r  i m p o r t a n t  l o s s  
m e c h a n i s m s  t h a t  c a n  o c c u r  i n  r e s o n a n t  s y s t e m s .  T h e  l o s s e s  c a n  b e  d i v i d e d  
i n t o  t w o  p a r t s ;  e x t r i n s i c  a n d  i n t r i n s i c .  E x t r i n s i c  l o s s e s  o c c u r  d u e  t o  
i n t e r a c t i o n s  b e t w e e n  t h e  r e s o n a t o r  a n d  i t s  s u r r o u n d i n g s  a n d  t h e r e f o r e  c a n  b e
m i n i m i s e d  b y  c a r e f u l  d e s i g n .  I n t r i n s i c  l o s s e s  c a n n o t  b e  m i n i m i s e d  t h i s  w a y  
b e c a u s e  t h e y  o c c u r  w i t h i n  t h e  m a t e r i a l  i t s e l f  a n d  w o u l d  b e  p r e s e n t  e v e n  i f
t h e  r e s o n a t o r  w e r e  c o m p l e t e l y  i s o l a t e d .
3 . 4 . 2  E x t r i n s i c  L o s s e s
( i )  V i s c o u s  D a m p i n g
I n  f l u i d  m e c h a n i c s  t h e  d r a g  c o e f f i c i e n t  C d  i s  d e f i n e d  b y  :
C d  a  F d  ( 3 . 2 0 )
I  p v 2 A
3.3.4. Summary
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w h e r e  F d  i s  t h e  d r a g  f o r c e ,  p  t h e  f l u i d  d e n s i t y ,  v  i s  t h e  s p e e d  o f  t h e  o b j e c t  
m o v i n g  i n  t h e  f l u i d ,  a n d  A  t h e  c r o s s - s e c t i o n a l  a r e a  p e r p e n d i c u l a r  t o  t h e  
d i r e c t i o n  o f  m o t i o n .
T h e  d r a g  c o e f f i c i e n t ,  i n  g e n e r a l ,  i s  a  f u n c t i o n  o f  t h e  R e y n o l d s  n u m b e r ,
t h e  M a c h  n u m b e r  a n d  t h e  F r o u d e  n u m b e r .  T h e  M a c h  n u m b e r  i s  t h e  r a t i o  o f  t h e  
f l o w  s p e e d  t o  t h e  s o n i c  s p e e d  a n d  t h e  F r o u d e  n u m b e r  c a n  b e  i n t e r p r e t e d  a s  t h e  
r a t i o  o f  i n e r t i a  f o r c e s  t o  g r a v i t y  f o r c e s .  T h e  M a c h  a n d  F r o u d e  n u m b e r s  a r e
t h e r e f o r e  i n s i g n i f i c a n t  f o r  t h e  s m a l l  v i b r a t i n g  b e a m s ,  a n d  t h e  c o e f f i c i e n t
w i l l  b e  d e t e r m i n e d  s o l e l y  b y  t h e  R e y n o l d s  n u m b e r .  T h e  R e y n o l d s  n u m b e r  i s
g i v e n  b y  :
R e  =  p v L  ( 3 . 2 1 )
f t
w h e r e  L  i s  t h e  c h a r a c t e r i s t i c  l e n g t h  d e s c r i p t i v e  o f  t h e  f l o w  f i e l d  a n d  r j  i s
t h e  v i c o s i t y  o f  t h e  f l u i d .  T h e  R e y n o l d s  n u m b e r  m a y  b e  c o n s i d e r e d  t o  b e  t h e
r a t i o  o f  i n e r t i a  f o r c e s  t o  v i s c o u s  f o r c e s  a n d  i s  t h e  c r i t e r i o n  b y  w h i c h  t h e
f l o w  i s  d e s c r i b e d  b y  e i t h e r  l a m i n a r  o r  t u r b u l e n t .  F o r  a  s i l i c o n  r e s o n a t o r
1 m m  l o n g  o s c i l l a t i n g  w i t h  s p e e d  v  ^  A c o  ^  0 . 0 1 m s ' 1 , s a y ,  t h e n  R  ^ «  1  i n  a i r  a t
a t m o s p h e r i c  p r e s s u r e .
F i g . 3 . 3  s h o w s  e x p e r i m e n t a l  d a t a  f o r  C d  f o r  t h e  f i n i t e  f l a t  p l a t e ,  f o r
w h i c h  t h e  s i l i c o n  b e a m  c a n  b e  c o n s i d e r e d  t o  b e .  T h e s e  d a t a  a r e  a v a i l a b l e  i n  
m o s t  f l u i d  m e c h a n i c s  t e x t b o o k s  ( e . g . [ 2 0 ] )  a n d  a r e  r e l e v a n t  f o r  R e y n o l d s  
n u m b e r s  g r e a t e r  t h a n  1 0 0 0 ,  a n d  t h e  d r a g  c o e f f i c i e n t  i s  i n d e p e n d a n t  o f  t h e  
R e y n o l d s  n u m b e r .  T h e  f l o w  i s  t h e r e f o r e  t u r b u l e n t  a n d  t h e  d r a g  f o r c e  i s
p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  v e l o c i t y .  D a t a  f o r  C d  f o r  a  s p h e r e  a n d  a
c y l i n d e r  a r e  a v a i l a b l e  [ 2 0 ]  f o r  R e y n o l d s  n u m b e r s  d o w n  t o  0 . 1 .  A t  l o w
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Aspect ratio, b/h
F i g u r e  3 . 3  D r a g  c o e f f i c i e n t  o f  t h e  f i n i t e  f l a t  p l a t e  a s  a  f u n c t i o n  o f  
a s p e c t  r a t i o  f o r  R e y n o l d s  n u m b e r s  R e > 1 0 0 0
R e y n o l d s  n u m b e r s  ( R e  <  1 )  t h e s e  f i g u r e s  a g r e e  w e l l  w i t h  S t o k e s  l a w :
F d  =  6 7 t r | v r  ( 3 . 2 2 )
w h e r e  r  i s  t h e  r a d i u s  o f  t h e  s p h e r e .  C d  =  2 4 / R e  i n  t h i s  c a s e  a n d  t h e  d r a g
f o r c e  i s  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  o f  t h e  o b j e c t  w h i c h  i s  c o n s i s t e n t  w i t h
t h e  m o d e l  i n  3 . 3 . 2 .
U n f o r t u n a t e l y  t h e r e  s e e m s  t o  b e  n o  d a t a  f o r  t h e  f i n i t e  f l a t  p l a t e  f o r  
R e y n o l d s  n u m b e r s  l e s s  t h a n  1 0 0 0 ,  b u t  w e  e x p e c t  t h e  d r a g  f o r c e  t o  b e
p r o p o r t i o n a l  t o  t h e  v e l o c i t y  a n d ,  p o s s i b l y ,  t h e  s a m e  t r e n d  f o r  t h e  d r a g
c o e f f i c i e n t  d e p e n d a n c e  o n  a s p e c t  r a t i o  a s  t h a t  o b s e r v e d  f o r  l a r g e r  R e y n o l d s  
n u m b e r s .
( i i )  S t r u c t u r a l  D a m p i n g
S t r u c t u r a l  d a m p i n g  o c c u r s  b e c a u s e  t h e  r e s o n a t o r  i s  n o t  i s o l a t e d  b u t  
c o n n e c t e d  o r  c o u p l e d  t o  a  m u c h  l a r g e r  m a s s ,  n a m e l y  t h e  s u r r o u n d i n g  s t r u c t u r e
a n d  s o  s o m e  o f  t h e  v i b r a t i o n a l  e n e r g y  t h e  b e a m  h a s  w i l l  b e  c o u p l e d  i n t o  t h e  
s t r u c t u r e  a n d  t o  t h e  o u t s i d e  w o r l d  w h e r e  i t  i s  l o s t .  O n e  w a y  o f  m o d e l l i n g  
t h e  l o s s  i s  g i v e n  l a t e r  i n  s e c t i o n  3 . 6 .  b y  e x t e n d i n g  t h e  a n a l y s i s  i n  3 . 3 . 2 .
t o  t w o  m a s s e s  c o n n e c t e d  t o  a  f i x e d  w a l l  b y  t w o  s p r i n g s  o f  d i f f e r e n t  e l a s t i c
c o n s t a n t s  a n d  a s s u m i n g  t h e  m o v e m e n t  o f  t h e  l a r g e  m a s s  t o  b e  l o s s y .  F o r  t h e  
m o m e n t  l e t  u s  j u s t  l o o k  a t  t h e  b e a m  a n d  i m a g i n e  i t  t o  b e  o s c i l l a t i n g  w i t h
a m p l i t u d e  A b .  T h e  m o t i o n  o f  t h e  b e a m  i s  g i v e n  b y :
y ( x , t )  =  A b X ( x ) s i n c o t  ( 3 . 2 3 )
with X(x) given by (3.2). The amplitude Ab is taken where the deflection is
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a  m a x i m u m .
p  =  j p W T c o y ( x )  d x  =  y i m c o A b c o s c o t  ( 3 . 2 4 )
w h e r e  y i  i s  a  c o n s t a n t  d e p e n d a n t  u p o n  t h e  m o d a l  s h a p e  y ( x ) ,  a n d  i s ,  i n  f a c t ,  
z e r o  f o r  t h e  f r e e - f r e e  b e a m  f o r  a l l  m o d e s  a n d  0 - 5 2 6  f o r  t h e  f i x e d - f i x e d  b e a m  
i n  i t s  f u n d a m e n t a l  m o d e .
T h e  t o t a l  f o r c e  e x e r t e d  b y  t h e  b e a m  o n  t h e  s t r u c t u r e  i s  t h e r e f o r e :
F  =  d p  =  - y i m c o 2 A b s i n c o t  =  F o s i n c o t  ( 3 . 2 5 )
d t
T h i s  f o r c e  w i l l  b e  e x e r t e d  w h e r e  t h e  b e a m  m a k e s  c o n t a c t  w i t h  t h e  s t r u c t u r e ,  
a n d ,  f o r  t h e  f i x e d - f i x e d  b e a m ,  c o r r e s p o n d s  t o  t h e  s u m  o f  t h e  s h e a r  f o r c e s  a t  
t h e  t w o  e n d s .  T h e  f o r c e  F o  c a n  b e  t h o u g h t  o f  a s  t h e  d r i v i n g  f o r c e  f o r  t h e  
s t r u c t u r e ,  c o n s i d e r e d  t o  b e  a n o t h e r  r e s o n a n t  s y s t e m .
U s i n g  e q n . ( 3 . 1 5 )  t h e n  t h e  e n e r g y  g a i n e d  b y  t h e  s t r u c t u r e  i s  F o A s 7 t s i n < j )  
w h e r e  A s  i s  t h e  a m p l i t u d e  o f  t h e  s t r u c t u r e  w h e r e  t h e  c o n t a c t  i s  b e i n g  m a d e .  
H e r e ,  f o r  s i m p l i c i t y  t h e  a m p l i t u d e  i s  a s s u m e d  t o  b e  e q u a l  f o r  a l l  c o n t a c t  
p o i n t s .  A g a i n  (j) i s  t h e  p h a s e  a n g l e  b e t w e e n  t h e  m o t i o n  o f  t h e  s t r u c t u r e  a n d  
t h e  d r i v i n g  f o r c e .
U s i n g  e q n s . ( 3 . 1 2 )  a n d  ( 3 . 1 8 )  t h e n :
A m a x  = _ F o _ [ ( l - c o 2 / c o r 2 ) 2  +  ( c o 2 / o > r 2 ) ( l / Q s 2 ) 3 ' 1 / 2  ( 3 . 2 6 )
M C O r 2
The momentum of the beam is therefore:
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w h e r e  c o r  i s  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  s t r u c t u r e ,  M  i t s  m a s s ,  Q s  i t s  Q  a n d  
A m a x  t h e  a m p l i t u d e  o f  t h e  s t r u c t u r e  w h e r e  i t  i s  a  m a x i m u m .  T h e  e n e r g y  g a i n e d  
b y  t h e  s t r u c t u r e  i n  o n e  c y c l e  i s  t h e r e f o r e :
e  . =  A s j t v i 2 m 2 A b 2 c o 2 ( c o / c D r ) 3 [ (  1  V / c o r 2 ) 2  +  ( c o V x i / Q 2 ) ] ' 1 ( 3 . 2 7 )
g a i n e d  --------------------------------------
A m a x  M Q s
T h e  e n e r g y  g a i n e d  b y  t h e  s t r u c t u r e  i n  o n e  c y c l e  m u s t  e q u a l  t h e  e n e r g y  l o s t  b y  
t h e  b e a m  i n  o n e  c y c l e  i f  t h e r e  a r e  n o  o t h e r  l o s s  m e c h a n i s m s  p r e s e n t  a n d  
t h e r e f o r e ,  b y  d e f i n i t i o n :
e  =  e  x  2 7 1  ( 3 . 2 8 )
l o s s  s t o r  e  d
V F
T h e  e n e r g y  s t o r e d  i n  t h e  b e a m  m u s t  b e  e q u a l  t o  t h e  k i n e t i c  e n e r g y  o f  t h e  b e a m  
a s  i t  g o e s  t h r o u g h  z e r o  d i s p l a c e m e n t ,  h e n c e :
e
s t o r e d
=  p l / 2 p W T c o 2 y ( x ) 2  d x  =  l / 2 - y 2 m c o 2 A b 2  ( 3 . 2 9 )
A g a i n  yz d e p e n d s  u p o n  t h e  m o d a l  s h a p e .  F i n a l l y  b y  e q u a t i n g  ( 3 . 2 7 )  t o  ( 3 . 2 8 )
w e  f i n d  t h a t :
Q b  =  A m  a * y  2 M Q s ( o W c o ) 3 [ ( l - c o 2 / c o r 2 ) 2  +  ( c o 2 / c o r 2 ) ( l / Q s ) 2 ]  ( 3 . 3 0 )
A s y i 2 m
i . e .  p r o p o r t i o n a l  t o  t h e  Q  o f  t h e  s t r u c t u r e ,  t h e  r a t i o  o f  t h e  m a s s e s  a n d
d e p e n d a n t  o n  t h e  n e t  m o m e n t u m  o f  t h e  b e a m ,  s t o r e d  e n e r g y  a n d  h o w  f a r  a p a r t
the two resonant frequencies are, the closer together, the lower the Q. This
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equation show s that structural damping can be m inim ised by reducing the 
mom entum  o f  the beam  and making the structure as heavy as possib le in
relation to the beam. Increasing the area o f  the structure w ill, however, 
increase the v iscous dam ping on it and reduce its Q thereby reducing the Q  o f
the beam.
This is  not the com plete picture because w e are only considering the
force exerted by the beam  on the structure. There w ill also be forces
exerted on the beam by the structure and this w ill be dealt with in section
3.6, considering the m ass and structure to be two coupled resonators.
3.4.3. Intrinsic losses
(i) M otion o f  D islocations
A s discussed by Bhatia [21] one way in which sound absorption can occur
is  due to the m otion o f  dislocations. A dislocation, pinned at tw o points
along its length, w ill act as a stretched string and thus w ill be set into
vibration by application o f  a periodic stress. The loss occurs because som e 
o f  the vibrational energy o f  the dislocation is converted to heat by
frictional forces. S ilicon  is a very pure material with very few
dislocations and so this type o f  loss is  insignificant for silicon.
(ii) Therm oelastic L oss
Therm oelastic loss, as described by Zener [22], occurs even in  the
absence o f  impurities and dislocations and therefore cannot be avoided. If
w e im agine transverse vibrations o f  a rectangular beam then One surface o f  
the beam w ill be in tension and the other in com pression. A s a result there
w ill be heat flow  from  the com pressed surface to the surface under tension
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and this heat flow  im plies loss. Zener calculated that:
1 . 
Qth 1 3 / 1 gv J I  co2 + cdo2
(3.31)
where Qth =  the Q o f  the beam i f  no other losses are present, 0  =  p oisson ’s
ratio, sP and sv are the specific heats at constant pressure and volum e
respectively, co =  the angular frequency o f  vibration and coo =  (Jt/T) D  where
T is the thickness o f  the beam and D  the thermal diffusion constant.
Inserting values for silicon yields:
1 =  1.6 x  10"4 ( (0 coo ■) (3 .32)
Qth I „2 . 21^  CO + OOo'
Equation (3 .31) is  a m axim um  when co =  C0o and therefore f  =  (7t/2)DT' where f  
is the resonant frequency. In this case Qth = 12,500 which is  the m axim um  
thermoelastic loss. For an 8 |im  thick silicon beam this m axim um  loss occurs
at a frequency o f  2.1M H z. I f  the beam is  1mm long then the m axim um  loss w ill
occur for a thickness o f  25p m  for the fundamental m ode by considering
equation (3.3).
3 .5  H y steresis
A s described by Pippard [23] the more general expression for the
restoring force is:
F  =  -k(y +  fly 3) (3 .33)
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only for sufficiently small y  does F  «  -ky which was assumed in equation
3.10. It can be seen that increasing the amplitude, such that fly 2 is no 
longer much smaller than unity, im plies an effectively  greater spring
constant and hence the resonant frequency increases ( assuming, for exam ple,
that fr>0 ). The larger the amplitude, the larger the shift from the small
amplitude lim it o f  (k/m )172. F ig  3 .4  shows typical hysteretic behaviour, 
showing how the amplitude varies as the frequency is swept in both increasing
and decreasing steps through resonance. The ‘jump dow n’ between points 8  and 
C occurs just after resonance is reached because the decrease in amplitude 
causes a reduction in the resonant frequency, which in turn induces a further
decrease in the amplitude and so on until the amplitude has a value
corresponding to the position o f  the applied frequency on the linear
resonance curve as shown. D ecreasing the frequency after the jump increases
the amplitude again until it becom es large enough to produce a reduction in
the resonant frequency, this in turn increases the amplitude and there is  a
jump up between points A  and D  to the appropriate amplitude for the frequency  
and drive signal. Further decrease in the frequency yields a smooth fall o ff
in the amplitude.
If w e express the restoring force in the form o f  eqn.3.33 then the 
resonant frequency is  given by (see ref.23):
C0r =  CM  1 +  3i3A2) (3.34)
g
where C0or is the resonant frequency for small displacements. F ig .3 .4  shows 
varying degrees o f  hysteresis as a result o f  different drives. There is a
This describes anharmonic or non-linear vibrations and it can be seen that
certain value of drive that causes the infinite slope of the amplitude versus
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F igu re 3 .4  H ysteresis curves with increasing drive
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frequency plot. At this value o f  drive when resonance is achieved, any
increase in frequency, no matter how  sm all w ill result in a jump down. This 
infinite slope occurs when the resonant frequency has shifted by half the
bandwidth from the small displacem ent lim it and thus:
G>r - COor =  ACO (3.35)
with Aco given by 3.19. U sing  eqns.3.19, 3 .34  and 3.35 w e therefore have:
A 2 =  4  (3.36)
3Q |0|
which is  the amplitude, above which, hysteresis takes place.
For a practical pressure sensor em ploying a phase lock  loop, hysteresis 
w ould  have to be avoided because the jump in amplitude also necessitates a
jum p in phase. A lso  the two' jum ps in frequency have different values and so
this w ould lead to ambiguity.
3 .6  C oupled R esonators
3.6.1 Introduction
N ow  let us extend the m odel in  3.3.2. to include another mass attached
by another spring as shown in fig .3 .5 . The small mass m 2 can be thought o f
as the resonator, the mass m i the structure and these are coupled by a spring 
o f  spring constant k2. The value o f  k2 w ill depend upon the net mom entum o f
the beam as indicated in 3.4.2. and is, in fact, zero i f  the momentum is
zero. The structure is attached to a very large mass, which can therefore be 
considered fixed, by a spring o f  constant ki. The large mass can be im agined
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F igu re  3 .5
A / W V - /V W ' "  -2 A A A
y T =o y o =o
F igu re 3 .6  S im ple m odel o f  resonator (m2) and structure (m i) coupled by a 
spring o f  constant kc (support)
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to be the mount to which the structure is attached and the value o f  ki w ill 
depend upon how  it is  fixed. If an adhesive is used then this w ill result in  
a large value o f  k i, depending on the hardness o f  the glue. W e are also  
assum ing that the structure is lossy  and subject to a damping constant Ri and 
the loss o f  the resonator is R2. The loss in the structure could be due to 
the surrounding air and/or energy coupled out to the outside world via the 
adhesive.
3 .6 .2 . Calculation o f  coupled frequencies
Let us im agine the system  to be excited by a force and then the driving force 
is rem oved. The force on m2 in the absence o f  the driving force is given by:
-k2(y2-y i) - R2dy2 =  im d 2y 2 (3 .37)
d t d t 2
where y2 is the displacement o f  m2 and y i the displacement o f  m i.
The force on m i is:
-k iy i + k2(y2-y i) - Ridyi_ = m id j u  (3 .38)
d t d t 2
If w e look  for a response at a frequency co then the solutions o f  the motion  
o f  the m asses must be harmonic and given by:
y2 = A 2e]C0t and y i =  A ie^ COt+<^  (3 .39)
where (j) is the phase angle between the motions of the two masses, A2 the
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number w ith the real part representing the value o f  the frequency and the 
imaginary part relevant to the Q  o f  the mass. Substituting these into 
equations (3 .37) and (3.38) yields:
la A ie ^  =  A 2(k2 - rmco2 +  jcoR2) (3 .40)
and
(ki +  k2 - mico2 + jcaR i)A ie^  =  k2A2 (3 .41)
Putting coi2= k i/m i and C022=k2/m 2 ( which are the uncoupled resonant
frequencies o f  m i and m2 ) then i f  there is coupling then coi must be o f  
the same order o f  magnitude as C02 for it to take place. A s w e have m i » m 2 
then it fo llo w s that k i » k 2. M aking this approximation and dividing (3.40) 
by (3 .41) gives:
(co22-co2+j coR2)(coi2-co2+jcoR 1) =  k2G)22C012 (3 .42)
m 2 m i kT
T o find the coupled frequencies w e must solve this equation for 00. In the 
absense o f  loss then the coupled frequencies are:
2co2 = cdi2+ co22±  [(coi2- CD22)2+ 4k2coi2co22] 1/2 (3.43)
kT
amplitude of m2 and Ai the amplitude of mi. co is, in general, a complex
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and i f  k2 «  (cot2- CO22)2 
ki 4coi2co22
then the frequencies m ove apart each by an amount k 2 C0i C02
k i (coi 2-C022) 2
from  their uncoupled values. From equations (3.14) and (3 .18) it can be
calculated that damping lowers the resonant frequency by a fractional amount 
1/4Q2 from  k/m  i.e. its value with no loss and thus these coupled frequencies 
w ill be assum ed when loss is present, because the Q o f  the resonator is very
high and that o f  the structure is good enough for values o f  k2/k i «  1112/m i =
10~5 for the structures used.
3 .6 .3  Calculation o f  Q o f  Resonator - Structural damping
W e w ill now  assume that R2 =  0  and the only lo ss in the resonator is
that due to the coupling between it and the structure, which is lossy . H ence
(C022- C02)(C012- C02+ jCOCOl) =  k2C012G)22 (3.44)
QT ET
where Qi is the Q  o f  m i.
W e are interested in the com plex solution for co which is  in the form:
CO = C0r(l + j/2Q2)
where Q2 is the Q o f  the resonator. H ence w e w ill say that co =  cor + jC0r/2Q2 
is a solution o f  eqn.3.44 where cor is assumed to be unchanged from the no
2 2
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loss value and given by:
(C022- COr2)(COl2- (Dr2) = k2C022(Dl2
k i
H ence putting the solution into equation (3
Q2 =  QlCDr
c
s313
C01 C022- COr2
V
+ 1 = QlO), f ((01 2- (Or2)2ki +  j'C01 C022C0 1 2k2
(3.45)
Equation (3 .45) shows that the Q o f  the beam is  proportional to the Q  o f  the 
structure and, i f  Q2» Q i ,  the ratio o f the coupling constants. Using
ki =  micoi2 and k2 =  m2CD22 then:
Q2 =  Q iftm ) | W | 3[(1 - C0r2/(Di2)2 +  m2/m i)] (3 .46)
[m 2] [coij
for coi = C02 and this can be compared with equation (3 .30). It again has the
term (l-cor2/coi2)2 w hich is a measure o f  how far apart the resonances are. 
The equation states that i f  Or = coi then Qi = Q2. The m ass m 2 is on ly the 
m ass o f  the beam  i f  its momentum is all in one direction and therefore acts
as a m ass on  a spring. If its momentum is zero then its m ass is  effectively
zero in  this m odel and k2 = 0  (no coupling) and therefore has no structural 
losses but also cannot oscillate because no energy is coupled into it from  
the structure.
Perhaps a m ore accurate model, ( particularly for the devices shown in
figs. 2.1 and 2.2 ) is shown in fig.3.6 with the two masses coupled by a
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third spring, the absence o f  kc im plying two independant resonant system s
with frequencies ki/mi and k2/m2. Here w e are allow ing m otion on ly  in the
y-direction so that i f  kc is  extended or com pressed then there is the
corresponding difference in displacements between the tw o m asses. The
equations o f  m otion for the tw o m asses are:
-k iy i +  kc(y2-y i) - Ridyi_ =  m id 2yi (3 .47)
dt d t2
and . -k2y2 - kc(y2-yi) - R2dy2 =  m2d 2y 2 (3 .48)
d t d t2
Again putting y i =  A ie lCOt and y2 =  yields:
kc2 = (k2 +  kc - m2C02 +  jcoR2)(ki +  kc - mico2 + jcoRi) (3 .49)
and by substituting the solution co =  C0r(l + j/2Q2) into 3 .49 , again with cor
the solution o f  the loss-free equation and taking R2 =  0  ( as w e are
evaluating the coupled loss only ), then w e obtain by equating the imaginary
parts:
Q2 =  Q irk 2 )2 fm i) f l  +  kc - cor2) 2 +  1 (3 .50)
M  M l  k l CO!2'
with coi ~  C0r ~  C02 being assumed throughout. A lso  kc/ki * (kc/k2)(m 2/m i)
i.e. small and can be neglected. Again w e see that the Q o f  the resonator is 
proportional to the Q  o f  the stincture, the ratio o f  the m asses and the term 
(1 - C0r2/C0i2) . Equation 3.25 shows us that the force exerted by the
resonator is  -yimco2Ab with yi defined by equation 3 .2 4 ' and therefore the
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mutual force exerted v ia  kc is kc(y2-y i) * kcy2 =  -yumco2 y2 and therefore 
(k2/kc)2=  1/yi2 which is consistent with the dependance shown in equation
3.30.
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C H A P T E R  4
E X P E R I M E N T A L  A R R A N G E M E N T
4.1  Introduction
D etails o f  the experimental arrangement used in this w ork are given
together with the ways in which the measurements w ere made, based on the
theory included earlier in the work.
4 .2  E xperim en ta l set-up  used  in  this work
4.2 .1  Introduction
The system  used in this study was an all fibre Fabry-Perot
interferometer. O riginally the system  in section 2 .4 .4  ii) w as used which
em ployed single m ode optical fibre. The difficulty with this system  was a
consequence o f  the sm all core size o f  single mode fibre and the fact that the
visib ility  o f  the fringes goes down sharply with angle o f  tilt o f  fibre with
respect to the resonator and the distance between them as observed by Andres
et al [24]. T he m ultim ode system was far less sensitive to angle and 
seperation and no tilt correction was required to obtain a good  signal. This
section describes the optical system  used and the way in w hich  the resonator
was mounted. It then goes on to describe the details o f  how  the various
measurements presented in this work were made.
4 .2 .2  Optical system  used
Fig.4.1 show s the optical system  used to excite and interrogate the
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oscillations. The 1300nm  G alnA sP laser was used to detect the vibrations and
hence was operated c.w . The photodetector was made o f  InGaAs, which has a 
bandgap o f  0 .75eV  corresponding to a wavelength o f  1.65pm . The wavelength  
division m ultiplexer (W DM ) was designed so that both wavelengths were allowed  
down to the sensor but on ly  the 1300nm  wavelength w ould be incident 
ultimately on the detector. The wavelength selectivity on reflection is
achieved by a diffraction grating. The W DM  worked w ell and there was no 
detectable 850nm  light entering the coupler. A s the 850nm  filter attenuated 
the 1300nm wavelength by 8dB then the filter was discarded. Only a few  
metres o f  optical fibre were used in total and so both w avelengths were
attenuated very little.
Since the bandgap o f  pure silicon is l . l e V ,  to produce an optical drive 
the wavelength must be shorter than 1.13pm , and hence an 850nm  GaAs laser was 
em ployed for excitation. The silicon is, as already m entioned in chapter 2, 
boron doped and so w ill absorb longer wavelengths because o f  the acceptor 
levels in the boron being close in energy to the valence band o f  the silicon, 
and thus 1.55pm  wavelength could be used in a practical rem ote sensor where 
long lengths o f  fibre are required. This w ould be true in any case i f  a 
metal layer were deposited onto the surface o f  the silicon, as it would  
absorb m ost o f  the light through a short depth. Again because o f  the short 
length o f  fibre needed in the system  used, the 850nm  laser caused no
difficulties.
W ith the m ultim ode optical system  described, it was important not to use
the H eN e laser originally incorporated in the single m ode system  because its
high coherence w ould have resulted in modal noise at all the connectors and
also interference between all the fibre ends in the system. A  semiconductor 
laser, which has a much shorter coherence length was chosen so that the
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Figure 4.1 Optical system used
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coherence length was long enough to obtain interference between the fibre and 
the resonator but not long enough to obtain any other interference, the
coherence length being a few  mm.
T he only problem experienced with the system  w as that, m oving the fibre, 
either by twisting or lifting etc, altered the size o f  the signal. This may 
have been due in part to the change in alignm ent o f  the connectors and/or 
their separation. The connectors have a small air gap betw een the ends o f
the tw o optical fibres and hence the Fabry-Perot cavity formed has a
transmittance w hich varies with distance. A  change in alignment w ould also 
alter the amount o f  light coupled from one to the other. T o reduce this 
sensitivity an index matching substance w as placed in betw een the ends o f  the
tw o fibres within the connector. This index matching reduced, but did not 
elim inate the phenom enon.
Bending the fibre im plies a change in the angle o f  the propagating ray 
with respect to the fibre axis and hence m odes that have an angle clo se  to 
the critical angle i.e . which are w eakly guided could be lost in this case.
This could therefore account for this signal sensitivity.
4 .2 .3  Sensor head
F ig .2 .2  show s how  the resonators were mounted. The silicon structure 
w as stuck down onto the brass block using U H U  glue. W hen set, the glue held 
the structure firm ly to the brass. The glue had tw o purposes; it ensured the
d evice did not m ove, particularly under the action o f  the vacuum pump and
also meant that more mechanical energy was transferred from the
piezoelectric transducer, via the brass mount, to the structure and hence the
resonator. This im plied greater amplitude and therefore ease o f  finding 
resonances and achieving their characterisation.
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The structure sat in a circular trough o f  depth 0.5m m  so that the top o f  
the resonator was just below  the level o f  the surface o f  the brass mount.
This small trough was evacuated when the resonators were being investigated.
This was so that the loss caused by surrounding air could be m inim ised and a
high Q  achieved. Vacuum  grease was applied to the rim o f  the trough and a
thin glass slide placed on top so that the volum e could be sealed and
detection was achieved by placing the optical fibre onto the glass slide. A
rotary pump was used to evacuate the volum e and this produced a lot o f
vibration which was picked up as low  frequency, but high amplitude, noise by
the fibre. T o m inim ise this low  frequency ‘jitter’ to the signal the fibre
was ‘butted’ up to the glass slide so that the separation between it and the
resonator was constant i.e. the w hole system  m oved up and down together. 
This technique greatly im proved the quality o f  the signal. A lso  an X Y Z  
translator, which was used to precisely position the fibre, was cushioned
from  vibration by placing several layers o f  packing material beneath it.
Excitation was achieved by using a piezoelectric transducer. This was 
placed into a trough machined into the brass mount and firm ly stuck there by 
filling  the remainder o f  the trough with super glue. The piezoelectric
proved to be a very good  diagnostic tool as it could produce amplitudes o f
several microns in  the non-coated samples, for exam ple, w ith an applied
alternating voltage o f  about one volt when the beam sat in a partial vacuum
o f  approximately IPa. In this w ay m odes could easily be detected on sweeping
the frequency, together with the shape o f  vibration by m oving the fibre along
and across the surface o f  the beam. After a m ode w as detected and
characterised with the piezoelectric then this frequency was used to drive 
the 850nm  laser to attempt to optically excite the beam into that mode. In
practice a small frequency change was required because the heating caused by
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the pulsed laser decreased the resonant frequency o f  the beam. The size o f  
the shift depended on the geometry o f  the beam and the incident power. The 
m axim um  shift observed was about 1.5 %. A  quantitative discussion o f  this 
frequency difference appears in chapter 5.
4 .3  D eterm ination  o f  the properties o f  the resonators
4.3.1 Introduction
This section indicates how the measurements o f  amplitude, Q factor and
phase angle were made and the underlying theory behind them. M easuring the 
amplitude o f  oscillation was o f  importance to find out w hich  size coating 
could provide the m axim um  response and hence signal output. The importance
o f  a high Q, as explained in chapter 3 is that it im plies low  power
requirements and high accuracy. The phase was o f  interest because o f  the
stated conditions necessary for self-excitation in section 2 .5 .4 iii) and the 
need for a phase lock  loop i f  pulsed excitation was to be em ployed.
4 .3 .2  Am plitude
From  equation 2 .5  for the finesse then i f  w e put m  =  1.5 for glass and 
n2 =  3 .65 for silicon  then w e obtain a finesse o f  0 .58 . T his assum es that
the interfaces are large in extent and that all the light that is  incident is 
either reflected or transmitted. In practice for an optical fibre this is
not the case because the beam o f  light diverges when it leaves the core o f
the fibre. The angle o f  divergence is sin^NA = N A  for small angles where
N A  is  the numerical aperture o f  the fibre. Therefore i f  the fibre is a 
distance d from  the resonator the spot size o f the light reflected back from
the silicon into the fibre is: a +  4m dN A  where a is the core diameter and m
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is  the number o f  reflections o f  the light within the cavity. A s a result 
only a fraction o f  this reflected light w ill re-enter the core and be guided.
A lso  i f  the width o f  the resonator is smaller or o f  the order o f  the size o f
the m ultim ode core i.e. 50pm  then light w ill be lost there as w ell. These 
tw o factors w ill tend to decrease the finesse o f  the cavity. From equation 
2 .4 , i f  w e  therefore put F « 1  then It is given by:
K(1 +  F s in ^ J tx A ))'1 « K(1 +  Fcos(4nx/X)) (4 .1)
2
i.e. the output varies as 1/2KFcos(4tcx/A). A  similar dependance is  obtained
by considering only one reflection within the cavity i.e . the output is the
sum o f  tw o waves; the w ave reflected from the end o f  the fibre +  the wave
reflected from  the silicon, multiple reflections being neglected. The output 
w as observed to be sinusoidal in nature in practice. N ow  w e have
x  =  do +  Asincot for the resonant silicon which yields:
Ir(t) oc cos[4jt/A,(do + Asincot)] (4 .2)
for the reflected power where X is the wavelength o f  the source in vacuum, do
is  the equilibrium separation between the resonator and the fibre and A  is
the amplitude o f  oscillation. The bias point is given by:
do = (i ±  l/4)A /2 (4.3)
where i  is any integer. This corresponds to the position where the two waves
are in phase quadrature and where dlr/dx is a maximum. If A<A/8 in this
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obtained from:
A  =  X sin-I(h/hmax) (4.4)
T k
where h is  the amplitude o f  the signal and hmax is  the m axim um  obtainable
amplitude o f  signal i.e . when A>X/8 (see figs.4 .2a and 4.2b). T he minimum
reflected pow er occurs w hen 2x  =  iX + XJ2 i.e. the tw o w aves are out o f
phase and subtract and the maxim um  occurs when 2x  =  iX. The difference
between these pow ers determines hm ax. If h /h m a x  is small then:
A  * X h (4.5)
4 %  hm ax
W ith careful positioning the bias point was obtained, though not in an
obvious way. L ooking at the equations it is clear that the bias point occurs
at • certain w ell defined separations and is a function o f  the seperation o f
the resonator and fibre only. Nevertheless it was observed that adjusting the
separation by lifting the fibre had no effect on the form  o f  the output and
quadrature could not be obtained in this way. W hen the fibre w as m oved
across the beam, though, it was observed that the starting point changed
continuously and sm oothly with horizontal distance. The reason for this
apparent enigm a w as the glass slide. The inclusion o f  the glass slide means
that there w ere in fact three cavities, one between the fibre and slide, one
between the fibre and the resonator and the other between the slide and
resonator. The ‘dom inant’ interference was therefore betw een the bottom o f
position then the output is effectively a sine wave and the amplitude A is
the slide and the beam as it was closer to the beam than the fibre. The
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F ig u re  4 .2a
F igu re  4.2b
Normalised reflected intensity vs time
Interferometric signal Ir(t) at bias point for A=XJ\2
Normalised reflected intensity vs time
Signal for double the amplitude A=A/6 at the bias point
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interference between the fibre and glass slide has no effect on the starting
point but m erely introduces an additional constant reflected intensity with
time that is  dependant in magnitude on the separation between the fibre and
the slide. This explains the insensitivity to the vertical displacem ent o f
the fibre because the slide was fixed. The starting point changed with
horizontal distance because o f  the relative tilt between the glass slide and
the resonator, w hich was always present. It can be readily calculated that
if  the relative tilt is  only one degree, then to change the vertical 
separation by A/2 =  0 .65p m  requires a horizontal movem ent o f  only 37pm  in the
direction o f  the tilt. The glue accounts for this tilt which was useful.
This technique w as used to measure the amplitude o f  oscillation when it
was smaller than 162.5nm  i.e. A/8. This was the case for m ost measurements
made. Otherwise, in general, the amplitude is:
A  =  A (cos4 yi - cos4 y 2) (4.6)
K tc
where y i and y2 are the y-values o f  the turning points in m otion. The 
y-values are normalised for the cosine range between +1 and -1. The choice
o f  cos'1 depends upon the number o f  , fringes. It should be noted that for 
large amplitudes the value o f  cos_1y2 becom es more negative and thus in this
case the negative sign can be changed to a positive one w ith cos4 y2 becom ing  
a positive angle.
The ‘fringes’ w ere obtained with a suitably high enough voltage
applied across the p iezoelectric to obtain hmax and then h was measured for 
optical excitation with the fibre in the same position. For optical 
excitation the fibre had to be placed in a precise position, usually the
64
centre o f  the beam, to obtain the maximum amplitude which was measured. In 
this case the tilt m entioned earlier could not be made use of. The fibre 
always had to ‘butted’ onto the glass and so there was quite often a problem  
obtaining the bias position necessary. In practice it was achieved som etim es 
by changing the current through the interrogating laser and hence slightly
altering its centre em itting wavelength. It was found, though, that the full
range could not be achieved and this technique was only successful for small 
adjustments. This w as because the distance between the bottom o f  the glass 
slide and the resonator w as too small. Usually the only solution was to
sim ply wait! It w as found that there was a slow  drift in the separation
between the bottom  o f  the slide and the resonator which was probably due to 
the action o f  the vacuum  pump, the air pressure above the slide constantly
pushing it down by displacing vacuum grease.
4 .3 .3  Q  factor
From equation 3 .19  it can be seen that the Q can be evaluated by
dividing the resonant frequency by the full bandwidth taken w here the
amplitude has fallen by a factor V2 from its value at resonance. Again
effort w as made to obtain the bias point because the amplitude o f  oscillation
is conveniently proportional to the amplitude o f  the signal as stated by 
equation 4.5 for small h /h m a x . So for Q measurements the voltage across the 
piezoelectric was made small enough so that the resonant amplitude
corresponded to a sm all value o f  h /h m a x , a value o f  0 .5  is sufficiently small 
and this was usually used. Choosing too small a value obviously reduces the
accuracy o f  the measurement because the signal size is too sm all and hence
the SN R  is too small. This condition was convenient because this amplitude 
o f  about 50nm  was usually small enough to avoid hysteresis.
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The resonator was driven with square waves with a 50% duty cycle. The
phase angle between the m otion o f  the resonator and the incident intensity
was therefore defined to be the angle between the centre o f  one o f  the pulses 
and a maxim um  or m inim um  (either can be observed by suitable choice o f  bias 
point) o f  the interferometric signal, or in the case o f  high amplitude, the
position o f  the turning point. W hat was measured w as the tim e difference on
the oscilloscope which, when sim ply m ultiplied by 2?tfr gives the phase
difference. This phase refers to the angle at resonance.
The rate o f  change o f  phase with frequency is a m aximum at resonance and 
the rate o f  change o f  amplitude with frequency is a minimum. H ence measuring
the angle when the amplitude is  a m aximum is bad practice because it can 
introduce a large possib le error. The phase was measured at the tw o points 
on the resonance curve used for Q measurement i.e. when the amplitude had 
fallen by a factor o f  V2 from  its resonant value. Here the phase angle is
± tc/4  from its resonant value, depending on the side o f  the resonance curve.
The value at resonance w as therefore taken as half the sum o f  the two
measured values, which w ould  be the case for any tw o equal amplitudes on
either side and so choice o f  the bandwidth points is not a necessity but the
signal is large enough to make a reasonably accurate measurement o f  its
amplitude and the rate o f  change o f  phase with amplitude has been reduced  
sufficiently.
4.3.4 Phase
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C H A P T E R  5
M E A S U R E M E N T S  M A D E  O N B R ID G E S
5.1 introduction
This chapter describes the measurements made on silicon bridges, 
together with som e o f  the relevant theory. The bridges were fabricated at 
Birmingham University and have been tested at the Department o f  Electrical
Engieering at Strathclyde University over the past few  years by a number o f  
researchers. The initial motivation for the work here was to measure the Q o f  
the bridges at low  pressures. F ig.5.1 shows the bridges that were 
investigated. Unfortunately the longest beam was broken on arrival, but four 
o f  the bridges shown were successfully tested in their original uncoated 
state. A ll the bridges were 60jam w ide and about 2 jam thick. The total weight
o f  the sample w as found to be 0 .013g. The bridges spanned a square pit and 
were all fabricated using boron doping. The uncoated bridges were tested and 
then the sample was rem oved from  the brass by dissolving the U H U  with  
acetone. Layers o f  chromium o f  thickness o f  about 7nm  were then repeatedly 
sputtered onto the silicon bridge. The requirement for any metal coating  
suitable for optical excitation is  that it has both a good reflectance and 
good absorbance at the relevant wavelengths used for interrogation and
excitation. Chromium was chosen because it has a reflectance o f  0 .632  at a 
wavelength o f  850nm. U sing the mount described in section 4 .2 ,3  required the
bridge to be rem oved and then glued down again. This chapter summarises the 
measurements of;
i) the resonant frequency
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F igu re 5 .1  S ilicon  bridges o f  various lengths on a single wafer
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ii) the dependance o f  the Q o f  the bare silicon bridges with pressure
iii) the amplitude necessary to develop hysteresis
iv) the variation o f  the Q with chromium thickness
v) the difference in frequency between optically and m echanically excited
resonances
vi) the efficiency and amplitude
Each set o f  results is  discussed quantitatively.
5 .2  F requency o f  bridges
A  graph showing the resonant frequency o f  the four bridges is shown in
fig .5 .2 . The graph shows that the resonant frequency is  inversely
proportional to the length o f  the beam, as opposed to being inversely
proportional to the square o f  the length o f  the beam w hich w ould be expected  
for the unstressed beam (see eqn.3.3). The results are consistent with the 
findings o f  Zhang [25] and show that the beams are under a large tension
which is a result o f  the silicon being boron doped. T he boron atoms replace
the silicon atoms and, because o f  their smaller size, reduce the average
lattice spacing. The beam, being rigidly fixed  at its ends is therefore 
under tension when boron doped. B y  considering eqn.3.9 w e therefore deduce 
that the strain experienced by all the beams is:
8 = 1 6 fr 2 L 2p = 3 X  10'4 (5 .1)
9E
The shorter bridge shows deviation from linearity as the inequality used  
derive eqn.3.9 is not valid  i.e. FL2 is  no longer much
( i+ l /2 )V E I .
to
greater than
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5.3 Dependance of the Q with pressure
5.3.1 Q at zero pressure
F ig.5 .3  show s how  the Q o f  the four bridges varied w ith the surrounding 
air pressure. Extrapolation o f  the plots to zero pressure gives an 
indication o f  the amount o f  structural damping present. A s discussed in 
chapter 3 silicon is pure and w e expect few  losses due to impurities or
dislocations. The thermoelastic loss is  evaluated for silicon  in eqn.3.32.
The value o f  C0o for the bridges is 2 .12  x  108 s'1 and thus co «  C0o for all
the beams and thus:
1 * 1.6 x  10-4 co_ (5 .2)
Q th  COo
w hich yields values o f  Qth = 2  x  106 for the 1mm beam  and 508 ,000  for the
0.3m m  long beam. It can be seen therefore that the thermoelastic loss 
contributes little to the overall loss in this case.
For the bridges w e must calculate the force exerted by the beam on the 
structure and the resultant energy gained by the structure as a fraction o f
the beams stored energy. This was dealt with in section 3 .4 .2  ii) and the
result is eqn.3.30. W e can approximate co -  cor and the value o f  yz is 0.397
for the beam w ith fixed  ends. The mass o f  the structure w as measured and 
yields a value o f  M /m  =  46 ,000  for the 1mm long beam. The difference in
frequency betw een the resonances o f  the beam and structure w as 2.2K H z for the 
1mm long bridge and the Q  o f  the structural resonance w as 140. This
resonance w as measured by looking at the centre o f  the beam. It was found  
that by placing the fibre over the structure only a very small signal was
observed which was too small to g ive any reliable measurements and for this
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reason the value o f  Amax/As could not be found. The value o f  Qb/Qs
calculated from  eqn .3 .30 using the measurements made yields 106 Amax/As
compared with the measured value o f  571 which gives Amax/As =  5.4.
Unfortunately because o f  the lack o f  means o f  measuring Amax/As the theory 
could not be verified experim entally. The predicted value o f  Amax/As, being  
o f  the order o f  2, say, shows that the structural loss is the relevant 
m echanism here, particularly with the critical dependance o f  the Q  on the 
amount o f  bonding to the brass mount (see later) which cannot be accounted  
for by any other loss m echanism .
5 .3 .2  Variation o f  Q with pressure
Fig.5 .3  effectively  show s the additional loss caused by the surrounding 
air. The measurements were made by simply allow ing air to leak into the
brass trough in w hich the bridges sat. Stabilisation o f  the vacuum  was 
difficult to achieve above lOOOPa. It is apparent, at about lOOOPa, that the
Q  is flattening out and there is little additional loss above this pressure.
It is w ell know n that the viscosity  o f  air is  fairly constant between one
hundredth o f  an atmosphere (lOOOPa) and one atmosphere [26] and its value at
atmospheric pressure is 1,8 x  10'5N sm ’2. A s stated in section 3 .4 .2 .i) low  
Reynolds numbers are relevant for such a small beam travelling w ith speeds
around 0 .01m s’1 and so w e expect the flow  to be laminar and the beam to obey  
Stokes law with a different constant o f  proportionality. Although the bridge 
is  not a sphere w e still expect the drag force to be proportional to the
velocity  o f  it and the v iscosity  o f  the medium. A s the viscosity  is
approximately constant then w e w ould therefore expect the Q to be constant in 
this region.
Unfortunately there seem s to be no data available for the viscosity  o f
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air are sufficiently far apart that it can no longer be thought o f  as a 
viscous fluid. The definition o f  v iscosity  lends itse lf to the frictional
force between adjacent layers o f  atoms or m olecules. A t lOOOPa the mean free
path o f  the m olecules is much greater than the average distance between the 
them. This arises because the mean free path is inversely proportional to 
the number density o f  m olecules but the average distance between the
m olecules ( or the conceptual distance between ‘layers’) varies as N I/3 
where N  is  the number density.
An alternative m ethod must therefore be found to find the drag force on
the beams at low  pressures. For this w e must think o f  the air as a
collection  o f  fast m oving m olecules, a long way apart performing
approximately elastic collisions with the beam. W e can use a similar
approach to that used in classical kinetic theory which yields the equation:
P =  1 p v 2 (5.3)
3
where P is the pressure o f  the air, p its density and v 2 is  the mean square 
speed o f  the m olecules. Consider the beam o f  area W L m oving with velocity  v fa 
through the air ( see fig .5 .4 .) in the x-direction. Let there be N  m olecules
per unit volum e, each o f  m ass m, m oving with mean square 
speed v^2 =  1/3 v 2 in the x-direction. H alf the m olecules w ill have this 
com ponent in the +x direction and the other half in the -x  direction. Let
the beam m ove a distance dx =  V  dt in  tim e dt in the +x direction. In timeb
air at pressures below lOOOPa. The reason for this is that the molecules of
dt the number of molecules travelling in the -x direction colliding with the
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XF igu re 5 .4  Beam  m oving through air with velocity  vfe in the x-direction
75
beam is:
l/2N W L (v +  v j d t  (5 .4)x b
m olecules. The momentum change o f  the m olecules is therefore 
dp =  N m W L (v +  v  )v  dt =  pW L(v +  v  )v  dt and so the force exerted in ther  x b x 1 x b x
-x direction is:
F- =  pW L(v + v  )v  (5 .5 )' x b x
In the +x  direction the number o f  m olecules striking the beam  is:
l/2N m W L (v -v )v  dt (5 .6)X D X
and the force in the +x direction is therefore:
F+ =  pW L(v -v  )v  (5 .7)r  x b x
The net force is therefore:
2pW Lv v  = 2Vs P W L v (5 .8)' b x b
V r ms
by using eqn.5.3. Here v  is  the root mean square speed o f  the m olecules
1 0and has a value o f  498m s at 15 C. The drag force is therefore again 
proportional to the velocity, but in this low  pressure regim e it is also
where is the r.m.s.value of the x component of the velocity of the
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proportional to the surrounding pressure as observed. The value o f  R, used in
section 3.3 is then simply:
R = 6.9 x  10'3PW L N m ''s (5 .9)
B y  again using eqn.3.18 w e can now  calculate the expected slope o f  the
1/Q vs.P  graph. This is simply:
6 .9  x  10~3 = L 4 8  Pa'1 (5 .10)
pTco co
where the p here is the density o f  silicon = 2330  Kgm'3 and T is  2pm . These 
predicted slopes are about 20% smaller than the measured slopes in fig .5 .3 . 
for the three longer beams. The trough in which the bridges sat was situated 
at the end o f  som e vacuum  piping. The pressure gauge was in fact closer to
the vacuum  pump than the trough and so w e m ight expect the measured pressure
by the gauge to be smaller than that w hich  actually existed in the trough as
this w ould probably be the source o f  any air leaking into the system. A s a
result the actual pressure in the trough w as probably higher than expected
and so the slope o f  the graph w ould be smaller than that measured. This
accounts for the discrepancy between the measured and predicted slopes, 
particularly as all the measured slopes w ere larger than expected by the same 
percentage. The measurements made on the shortest beam  were unreliable above 
lOOPa because o f  unwanted coupling between m odes at higher pressures. The
intercept with the axis yields the structural damping discussed earlier.
5 .4  V ariation  o f  Q  w ith  chrom ium  coating
A summary of the effect of chromium layers on the Q of the bridges is
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silicon bridges which yielded the Q measurements given  in the previous
section were rem oved and silver dag was used to attach them  to the brass. 
The Q o f  each bridge altered dramatically as a result (see fig .5 .6 ). The
true validity o f  the measurements made is therefore in question but the 
general trend o f  the Q  decreasing with chromium thickness seem s to agree with 
earlier preliminary results [27].
5 .5  H y steresis
Fig. 5.7 summarises the hysteresis measurements made on the bridges.
Each point represents a different chromium coating. Experim entally the drive 
w as increased until hysteresis was achieved and the value o f  the amplitude at 
the centre o f  the bridge was recorded. F ig.5.7 displays the expected linear
dependance o f  the square o f  the amplitude with * 1/Q (see eqn .3.36). The 
slopes y ield  values o f  fr with a 1/L2 dependance which m eans that the shorter 
beams are more susceptable to hysteresis.
5 .6  O ptica l exc ita tion
5.6.1 Introduction
A s already m entioned in section 4.2.2. optical excitation w as achieved by 
pulsing an 850nm  G aAs laser with a 50% duty cycle  at a frequency close to 
that achieved by m echanical means. The power o f  the laser pulses was fixed  
by using a constant d.c. bias o f  70m A , just below  threshold, and applying 
current pulses o f  30m A . The power o f  the light pulses was found to be 4m W .
graphically displayed in fig. 5.5. Before the coatings were added, the bare
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The optically excited resonant frequency was not exactly the same 
as the m echanically excited frequency. It was found, in fact, that the 
optically excited frequency o f  the bridges was always smaller than the
mechanically excited frequency obtained by using the piezoelectric. The 
frequency shift measured for two o f  the coated bridges is plotted in fig .5 .8 . 
L ooking at the 1mm long beam then the fractional change in the resonant 
frequency is nearly 1% for a thickness o f  chromium o f  21nm . The temperature 
dependance o f  the fractional change in Youngs modulus i.e . l/E (dE /d0) is 
quoted as being between -55  x  lO^K^and -113 x  lO^K'1 [28,29]. A lso  the
thermal expansion coefficient o f  silicon is 2 .6  x  K /K '1. Therefore as the 
resonant frequency can be written in the form:
f„ =  Cn T f lT |1/2 (5 .11)
l H p J
then an intrinsic value o f  the temperature dependance o f  the fractional
change in the resonant frequency can be obtained between -27 x  lO^K^and 
-56  x  lO^K"1 as calculated by T u d o r[ll] , U sing this expression in  
conjunction with the measured frequency difference w ould require a 
temperature rise in the 1mm long beam o f  about 150K.
There is, however, another m echanism  that decreases the resonant 
frequency o f  the bridges w hich is much more temperature sensitive. This is  
derived from the high tension w hich the beam experiences as a . result o f  high  
boron doping. A s already calculated in 5.2, the strain induced in all the 
beams is approximately 3 x  IO"4. Absorption o f  the light w ill result in a
constant (or d .c.) temperature being established, superimposed on a
5.6.2 Difference in frequencies
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The d.c. temperature rise w ill tend to want to expand the beam and hence
reduce the tension within it. The overall strain can now  be written:
e  = e  - e  = 3 x 1 0 '4- a 0  (5 .12)
n e  t d o p  th
where 0 is  the temperature rise above ambient and the first term is relevant
to m echanical excitation with no temperature rise.
The temperature rise can be calculated as follow s: The input pow er can
be considered to be Pin =  Po(l +  coscot) i.e. a d.c. term Po +  an a.c. term
o f  the same amplitude. A s already mentioned, w e are interested in the d.c.
rise in temperature i.e. that caused by absorbing Po. It can readily be seen
that Po is also the average power over a cycle. I f  the beam sits in a good
vacuum  then there w ill be little conduction o f  heat away from  either surface
o f  the beam. The amount o f  power radiated from  the beam is  7p W  for a 10K
temperature rise for the 1mm beam and so small compared w ith the input power
which is o f  the order o f  mW . Thus the heat must be conducted away along the 
length o f  the beam and be finally diffused by the remainder o f  the structure
to the outside world. W e can therefore consider the structure to be a heat
sink and predict the ends o f  the beam to be at ambient temperature. In
thermal equilibrium, after a sufficiently long time, the rate at which heat 
energy flow s from the ends o f  the beam must equal the absorbed power. An
equal amount o f  power Po/2 must flow  in each direction from  the centre o f  the 
beam and thus:
time-varying (or a.c.) component which is responsible for driving the beam.
Po = _K 0 (5.13)
2WT L / 2
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where K is the thermal conductivity o f  silicon and hence for the 1mm long  
beam and a value o f  Po =  0.4m W  for the absorbed pow er relevant to this 
experim ent (see also fig .5 .9 ) then 0  =  5 .3K  which is the temperature rise at 
the centre o f  the beam. The d.c. temperature w ill decrease linearly away 
from  the centre in each direction and so the average temperature w ill be 0 /2  
and the thermal strain w ill be:
e  =  a P  o L  (5.14)
8 W T K
Again using equation 3.9 then the fractional change in the resonant frequency 
is therefore:
A / 2 <5-15)
(edo )I/2 A o P
d o p
as e  «  e  and so w e have:
t n dop
Afr =  -3 .5  x lor t  0 L  (5.16)
fr W T
where Po is in Watts and the lengths in metres. The fractional difference is 
therefore a measure o f  the absorbed power. It w as in fact observed that the 
difference in frequency was proportional to the pow er output o f  the laser
i.e. reducing the pow er increased the resonant frequency. The measured 
differences were about 30% low er than the expected values, assuming an 
absorbance o f  0 .2  for the thicker chrom ium layers but it should be noted that 
there is a significant uncertainty in the absorbance (fig .5 .10a) and not all
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the light that em erges from the fibre w ill be incident on the beam as its
width is o f  comparable size to the core o f  multimode fibre.
5 .6 .3  E fficiency o f  the bridges
It w as noted in section 5 .4  that the Q measurements made on the bridges 
as a result o f  chromium coating did not give an accurate picture because o f  
the uncertainty o f  the effect o f  the re-bonding on the Q. A s already shown, 
the final amplitude o f  vibration is proportional to the Q  factor and so a
m ore m eaningful quantity is the relative efficiency, defined as the amplitude
divided by the Q, since this rem oves the uncertainty in the Q. This quantity 
can be interpreted as the amount o f  deflection caused in the beam in one
cycle. B y  considering equations 3.17 and 3.18 it is apparent that:
A  =  F oQ  =  QAstatic (5 .17)
~ T ~
where Astatic =  Fo/k is  the static deflection caused by a constant force Fo.
The efficien cy  o f  the bridges is plotted in fig .5 .11  and not surprisingly
increases w ith chromium thickness. For ‘optically th ick’ chromium layers
i.e . a good  fraction o f  the light is absorbed in the chrom ium  compared to the 
silicon then w e expect only thermal strains to be present and the efficiency
to be proportional to the amount o f  light absorbed in the layer.
F ig .5 .10a  displays the theoretically predicted absorbance (fraction o f  
incident light) in the chromium layer for a range o f  chrom ium  thicknesses up
to 35nm  and a silicon thickness in the region o f  2jj,m, w h ile fig .5 .10b  shows
the absorbance in the silicon for the same case. The values were calculated
by equating the sums o f  the total electric and m agnetic fields at each 
interface and solving the six simultaneous equations produced. T he details
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o f  these calculations are shown in appendix A. The results depend upon the 
precise thickness o f  the silicon. If the silicon is an integral number o f
half wavelengths thick, then the total w ave reflected from  the Cr/Si 
interface w ill be in phase with the total wave em erging from  the silicon  into
the chromium, hence they add and produce a large field  in the chrom ium  and a
high absorbance for low  thicknesses. W hen the silicon is an integer +  1/2
number o f  half w avelengths thick then the waves are out o f  phase and subtract 
and hence there is a low  absorbance. The m iddle case is  also plotted. It 
can be seen that there is a large uncertainty in the absorbance in the 
chromium, particularly for layers less than 20nm. The differences in the
curves are so great because the silicon is v e iy  thin and attenuates the light
little in  propagating a distance equal to tw ice the silicon  thickness. In 
conclusion w e expect the efficiency to fo llow  the curve relevant to its
precise thickness. Unfortunately more efficiency measurements could not be
obtained because o f  unwanted contamination and eventual dam age o f  the samples
as a result o f  bonding and unbonding.
5 .6 .4  Thermal diffusion within the beam: an amplitude prediction
The optically excited  amplitude o f  the bridges is sim ply the product o f  
the tw o graphs 5.5 and 5 .11. F ig .5 .10a) shows that for chrom ium  thicknesses
above 35nm  the absorbances are getting closer together and tending to the
value 1-R where R is the reflectance o f  chromium. H ence i f  w e take the
result with the thickest layer(28nm ), which had an amplitude o f  13nm with a Q  
o f  1800 and, w e estim ate, an absorbed power o f  0 .5m W  then w e  can approximate 
and say that all the light was absorbed at the surface and on ly  thermal 
strains were present.
• There has been a theory developed for the deflection of the beam in this
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case by Langdon and Lynch [18]. They concerned them selves with a beam which  
was rigidly clamped at both ends and being optically excited in its 
fundamental m ode at the centre o f  the beam. They calculated the temperature
distribution through the depth o f  the beam by solving the one dim ensional
diffusion equation in that direction, assuming the temperature to be constant
along the surface o f  the beam i.e. no diffusion in the other directions. If  
w e make the approximation that the thickness o f  the beam is small compared  
with the skin depth o f  the tim e varying component o f  the temperature then w e  
find that (see appendix B):
0 (0 ,t) =  1 e j{ot ’ (5.18)
K(32T
which is the temperature at the surface (y=0). Here I is  the absorbed
intensity at the surface and (3 =  (l+ j)/S  where 8 is the skin 
depth =  (2Dth/co)1/2 and Dth is the thermal diffusivity. It can also be shown
that the difference in temperature between the top and bottom surfaces is:
6(top) - O(bottom) =  I e i(0 tT (5 .19)
2K
At 142kHz then T /8 =  0 .14  for a 2 jam thick bridge and so these are reasonable 
approximations. Expressions 5.18 and 5 .19  show  several things:
i) the temperature at the surface o f  the beam is  inversely proportional to
the thickness o f  the beam and %H out o f  phase with the incident intensity. 
W e might expect the variation in temperature to be greater for thinner beams 
because w e are allow ing no diffusion o f  heat in the horizontal direction and 
w e are therefore heating up a smaller mass in the thinner case for a given
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input power. The phase angle is rc/2 because again w e are allow ing no 
diffusion away along the surface and so the heat simply ‘builds up’ and is:
0(t) ~  J' IeiCl)tdt = I e J 0)1 (5 .20)
i.e.7t/2 out o f  phase.
ii) The amplitude o f  the temperature difference between the top and bottom  
surfaces is (T/S)2 tim es the temperature at the top surface (always assuming 
that T /5 is small enough) i.e. 2% for the 0.75m m  long bridge. It is
interesting to note that the temperature difference is  in phase with the
absorbed light. This is illustrated in fig .5 .12  by considering the
temperatures as phasors. The top and bottom temperatures have similar 
magnitudes and phases but the difference has zero phase. This y ields the
value o f  <j>max found by Langdon and Lynch by considering the temperature
difference to be the driving force o f  the oscillations.
A s the difference is  proportional to the beam thickness then w e can say 
that the temperature reduces linearly from  the surface and can be put in the
form:
0(y ) =  0 (0 ) [ l -p 2Ty] (5.21)
Z~
with 0(0) given by eqn.5.18. Langdon and Lynch proposed that there w as a 
thermal stress o  =  E a 0 (y ,t) which forces the beam into its natural m ode
o f  vibration at the m odulation frequency, the action taking place only where
the light is absorbed. U sin g  5.21 and the same shape o f  vibration used by
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them then the input energy in one cycle is:
e. =  0.1 PoF.ak2AT3/K  (5.22)in
where k =  1.57C/L and the value o f  the amplitude A  is:
A  =  265P  o QotT2 =  0.35nm  (5.23)
L W K
compared with the measured 13nm. It is  therefore apparent that another more
important m echanism  is involved in this case. Zhang [25] proposed that the
thermal diffusion along the length o f  the beam could be responsible for the
additional drive.
The size o f  the spot in the experim ent was over 50pm  as m ultimode fibre
was used and thus as the width o f  the beam was only 60pm  then w e w ill assume 
the temperature to be uniform across the width. W e have already calculated
that the tim e varying temperature reduces little depthways (2%). This value,
although small, may be responsible for the initial flexure i.e . which way the
beam bends and then the lengthw ays temperature can produce the full
deflection. W e therefore need to solve the diffusion equation in one 
dim ension in the x-direction (see fig .5 .13 ) with a rectangular source term as
the width o f  the source is much longer than the diffusion length. Assum ing a
seperable solution for 0 then:
Dth d^X +  S (x) =  jo)X (5.24)
d x 2
where 0(x,t) =  X(x)eJ0)t and S(x,t) =  S(x)eJcot =  (I/psT )^05^  the heat
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S(x)
A
F ig u re  5 .13  Temperature source term, a is  the core radius o f  the fibre
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for x  <  -25pm  and x > +25pm . To solve the equation and find X (x) w e must
represent S(x) as the Fourier series:
S(x) =  I ( a +  2  sin irca cos ircx ) (5 .25)
psT  [ U  y  ijt  L  L J
i  = l
where a = 25pm  for the spot and L =  500pm  or any value large enough so that
the source term is only present in the centre o f  the beam  at x=0 and not at
other positions along the length o f  the beam. W e w ill now  assume that X (x)
can also be represented by a Fourier series. Substituting eqn.5.25 into
eqn.5.24 w e find that X  is:
X (x) =  I _______ an__________  cos in x  (5 .26)
^  f =1 j® + Dth(iic/L)2 L
where ai =  (2/ift)sin(i7ta/L) are the coefficients used in 5 .25 for the source
term. Sum m ing the series to infinity for various values o f  x  along the
length o f  the beam yields the temperature distribution shown in fig .5 .14.
The value o f  the temperature about x=0 in the region o f  the spot is the same
as that calculated earlier (eqn.5.18) and the fall o ff  occurs between 20  and
30p m  away from the centre o f  the spot. This result seem s reasonable because
the skin depth is small due to the high modulation frequency i.e. there is
litde time for the heat to flow  away between light pulses. The
one-dim ensional vertical solution eqn.(5.18) therefore does in fact g ive a
true reflection o f  the thermal diffusion, particularly the magnitude o f  the
generated per unit time (where s is the specific heat capacity) and is zero
temperature in the centre of the beam. The drive, though, is not only
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in the centre. E vidence for the theory that the effective driving force is 
the temperature in the centre can be gleaned from the fact that the motion o f
the bridges were found to be in phase with the incident intensity when the 
bridges w ere coated with chromium, remembering that the temperature is tc/2
out o f  phase with the light (eqn.5.20) and the m otion m ust be 7t/2 out o f
phase with the driving force. D etails o f  this m echanism  w ill becom e apparent
in chapter 6.
determined by the temperature difference but by the size of the temperature
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C H A P T E R  6
R E S U L T S  O F  T E S T I N G  L A R G E R  B E A M S
6.1 Introduction
This chapter summarises the results o f  investigating the properties o f  the 
d evice shown in fig .2 .1  which was fabricated at STC T echnology in Harlow. 
Particular attention is  paid to the effects o f  repeated addition o f  chromium  
layers. Firstly preliminary results using the same technique as that in 
chapter 5 o f  bonding and unbonding are given. The second section show s the 
results obtained by keeping the device bonded down throughout the whole
experim ent and therefore remaining undisturbed. A s a result o f  the latter 
technique the effects o f  a large number o f  coatings w as successfully
observed.
6 .2  P relim inary  R esu lts
6.2.1 Q factor
Fig. 6.1 show s the measured Q o f  the resonator as a result o f  chromium  
coating. It is  apparent that there is a large amount o f  scatter and although 
the trend seem s to be again that the Q decreases w ith increasing chromium
thickness, the second and fourth layers have increased the Q, W e therefore 
can still draw no firm conclusions about the dependance o f  the Q  with
chrom ium thickness by this method o f  bonding and unbonding.
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Again the scatter o f  the Q  produces spurious results for the optically  
excited  amplitude and so w e  consider the efficiency as defined in section
5.6 .3 . which is  plotted in fig .6 .2 . Here w e can see that the efficien cy  is
low  for the bare silicon and increases with chromium thickness, levelling  out 
at a thickness o f  about 30nm  where the efficiency has a value o f
7.5 x 10' nm. The levelling  out occurs because for thicknesses o f  chromium  
above about 30nm  then virtually all the non-reflected light is being absorbed 
in the layer. This is illustrated by fig. 6 ,3a) which is the result o f
applying the analysis in appendix A  to this beam w hich  had a measured
thickness o f  6 .6pm . The thickness was evaluated by tilting the sample and
‘looking’ at the edge o f  the resonator using scanning electron m icroscopy.
i) E fficiency for thick m etal layers
Langdon and Lynch predicted the efficiency for optically thick layers to
be given by:
A  =  Po(a/cops)(L3/W T3)Z'((l)) (6 .1)
where Co is the velocity  o f  acoustic waves in silicon and Z'((J)) represents a
constant w hich depends on the thermal thickness o f  the silicon. This
expression assum es the beam to be unstressed which is  w hy it could not be
directly applied in chapter 5. The theoretically expected resonant frequency 
o f  the beam tested here o f  thickness 6.6pm  is 57kH z i f  it is  assumed  
to be unstressed. The measured value was 68kHz. The difference can 
partially be accounted for because o f  the reduced mass due to the . ‘cut out
6.2.2 Efficiency and phase
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sections’. The beam is therefore not highly stressed in this case and 
equation 6.1 can be used.
The value for the normalised thickness is 0.33 and so we find that
Z'(<j>) = 1.5 x 10'3 for the fixed-fixed beam considered by Langdon and Lynch. 
The beam studied in this chapter, however, was free-free and so had a
different value of strain in the centre and different stored energy to that
used by Langdon and Lynch, This modifies the value of Z(<j>) and so the 
efficiency for the free-free case is:
A = 1.215 x 10'8Po (6.2)
Q
where Po is the absorbed power in watts and the efficiency in metres.
Choosing a value of Po of 0.6mW yields an efficiency of 7.29 x 10"3nm and so 
is in good agreement with the measured value, the degree of closeness though 
is rather fortuitous.
ii) Efficiency for bare silicon
The expression for the efficiency found by Langdon and Lynch is only valid 
when all the incident light is absorbed in a thin layer much smaller than the 
thermal skin depth and the subsequent heat transfer is by diffusion. This is 
not true for the bare silicon in which the absorption length is 12pm for 
boron doped silicon at a wavelength of 850nm [11] and the thermal skin depth 
is 20pm at about 70kHz.
We must also consider the fact that absorption in the silicon produces
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photocarriers and this gives rise to a strain equal to:
e = 1 dEg An ( 6 . 3 )
ei J  cTF
as quoted by Steams and Kino [30] where dEg/dP is the pressure dependance of 
the band gap of silicon with pressure and An is the photocarrier density.
The value of 1/3 dEg/dP is -9.5 x 10'31 m3 for silicon and so the electronic
strain is a negative quantity for silicon.
It can therefore be shown (see appendix C) that the ratio of the two
strains is:
e el = I  S lli ps = 3 . 3 4  ( 6 . 4 )
e ~  3  dP o c ( h v - E g - 3 k B 0 )  h v - 1 . 1 8t h
for silicon where hv is the photon energy in eV. For 850nm = 11.9 and
so the electronic strain is much larger than the thermal strain for this 
wavelength. This is because most of the photon energy is used to promote the 
electrons into the conduction band and therefore little is remaining when the 
photocarriers relax to the band edge and produce heat in the lattice.
To calculate the net drive in the silicon as a result of these two 
opposing strains then we must calculate the temperature distribution in the 
silicon and also the distribution of photocarriers through the thickness of 
the silicon. As already discovered we need only consider the one-dimensional 
problem lengthways.
For the temperature we need to again solve the diffusion equation with a
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source term given by:
Dth d2e + G(y,t) = de (6.5)
2
dy ps d t
where G is the heat energy generated per unit volume per second as a result 
of absorption. G/ps therefore represents the rate of temperature rise
generated at y,t. The expression for G is given in appendix A and is a
consequence of the earlier calculation of the absorbances. Putting in values
for silicon, a wavelength of 850nm and a measured thickness of 6.6pm yields:
G_ = Iabs(0.0187eW  + 0.0023eM'y)ejCOt (6.6) 
ps
where labs is the absorbed intensity expressed in Wm’2 and
of the absorption length = 1/12 pm'1. Assuming a seperable
the form:
8(y,t) = (Ciew + C2eM'y)eiC0t (6.7)
then by substituting equations 6.6 and 6.7 into 6.5 yields:
Cl = 0-0187 labs and C2 = 0.0023 labs (6.8)
j co - Dth p2 j CO - Dth p2
the denominator determining the phase angle between the temperature and the
o
incident intensity, which at 70kHz is 36 . The temperature difference
between the top and bottom surfaces is therefore 4.3 x 10' degrees Kelvin per
p is the inverse 
solution for 0 of
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absorbed mW for a 50pm spot size. In terms of strain this represents:
e (difference) = 1.12 x 10"8A36 (6.9)lh
which can be compared with the value for an optically thick chromium layer 
which is given in appendix B and is IabsT/2K = 0.011 Kelvin per mW
(strain = 2.86 x 10'8L0).
Just as the thermal stress was given by Langdon as Ea0 then we can define
the electronic stress to be E (-1/3 dEg/dP An) and say that the drive felt by
the beam is proportional to the difference in stresses between the top and
bottom surfaces. Again this is valid because the thickness of the beam is
much smaller than the. diffusion length of the carriers at this frequency.
The photocarriers are governed by the diffusion equation:
Del d2An + G = dAn (6.10)
dy2 hv-Eg-3kB0 dt
where Dei is the ambipolar diffusivity of the photocarriers and has a value
of 15.24cm2s'1 [30]. Also oyc»l in this case where % is the excess carrier
lifetime and so there will be little relaxation of the carriers in one cycle.
The second term in 6,10 represents the rate of increase of the photocarrier
density through periodic absorption. So in a similar way as the solution for
the heat, An is:
An = IQ2 2 lab s (68e+y+ (6.11)
j<0 - Del |i2
3 °where An is expressed in m . The phase angle in this case is only 2 . We
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bottom surfaces is:
e (difference) = -9.26 x 10'9L2° (6.12)
el
again per absorbed mW. Comparing equations 6.9 and 6.12 we can see that,
although the electronic strain is larger than the thermal strain, the
variation of the electronic strain with time in one cycle is smaller than 
that of the thermal strain. This is because the value of the diffusion 
constant for the carriers is nearly 18 times larger than that for the heat
and so for a given period of time determined by the frequency of modulation 
the carriers will diffuse much more than the heat, which is also why the 
phase angles are so different.
The net strain in the silicon is the sum of the electronic and thermal 
strains which is:
e (difference) = e + e = 6.26 x 10'9L-92 (6.13)
net '  el th '
and so for a given absorbance we expect the chromium coated sample to be 4.6 
times as efficient as the bare silicon for this frequency and thickness of 
silicon and the two to be approximately iz/2 out of phase with each other.
Finally we therefore expect the net drive for any thickness of chromium to 
be approximately proportional to:
6.26 x 10~9a L -n/2 + 2.86 x 10~8a L 0 (6.14)
si cr
where a and a are the absorbances in the silicon and chromium
si c r
therefore find that the difference in electronic strains between the top and
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respectively. The observed phase angle of the motion will be n/2 out of
phase with the net drive at resonance and the net drive is dependant on the 
relative sizes of the absorbances shown in figs.6.3a) and b). It is therefore 
expected that:
i) the efficiency of the bare silicon beam will be 0.368 x 4.6/as. times 
smaller than the observed value of 12.5 x 10‘3nm per mW for the optically 
thick chromium layer
ii) the phase will change from about zero for the bare silicon to approx. 
n/2 for the chromium coated beam, the transition occuring when the
absorbances become comparable i.e. a sharp transition with chromium
thickness.
iii) an earlier treatment neglecting phase angle differences [27] suggested 
that the two strains would cancel for some small chromium thickness and that
the efficiency would go through zero. This more complete analysis, however, 
shows that net strain in the silicon is n/2 out of phase with the strain in 
the chromium and not n  out of phase which is in direct opposition. The 
efficiency is expected to fall slightly and then turn and increase with the
chromium absorbance at the same time the phase transition occurs.
Fig.6.2 displays the measured efficiency and fig.6.4 shows the phase. It
can be seen that the transition in phase occured after the addition of a 
single coating of thickness 7nm. This seems reasonable if we consider the
case when the silicon is an integer + 1/4 number of wavelengths thick and the 
absorbance in the chromium is already comparable with the silicon making the 
dominant strain thermal. The mystery at the time of making the measurements 
was why the phase tended to about n/4 and not n/2. A  partial explanation 
will become clear later in the next section when we will consider another 
mechanism that is present.
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It was concluded that more experimental data were required, particularly
in the region of chromium thickness below 7nm, to observe in detail the change
in phase and the turning point, if any, in the efficiency. An additional
experiment was performed and the results are summarised in the following
section.
6.3 Results on device maintained in the same position
6.3.1 Introduction
The 1/Q results in the previous section again highlighted the need for an
alternative experimental method of determination of the effect of 
the chromium layers on this parameter. An additional experiment was
performed with a bare silicon device which was simply stuck down, the Q
measured, then unstuck and the process repeated. The Q was found to vary 
significantly even though the same adhesive was used each time. The trend
eventually being that contamination of the sample reduced its Q irreversibly.
So keeping the structure bonded to the brass mount also promised a longer
lifetime of the resonator which implied that many more layers could be
sputtered onto the silicon. Effort was therefore made so that the whole
brass mount was in fact placed into the sputtering machine. This method 
proved very successful and enabled a large number of chromium coatings to be
investigated and the results of this experiment, starting with a silicon
resonator similar to that used in 6.2, are summarised in the following
section.
6.3.2 Hysteresis measurement
Fig. 6.5 shows a graph of the square of the amplitude necessary to develop
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excitation took place) vs. 1/Q of the beam as a result of chromium coating. 
Again this graph is expected to yield a linear dependance because of the
form of equation 3.36. Measurements for thicker chromium layers could not be
obtained because there was not enough drive available to obtain hysteresis as
a result of the low Q. There is a lot of scatter around the line because of
the large error associated with measuring this quantity but another reason 
will become apparent when considering the following analysis. Care was taken 
to measure the amplitude when the drive was such that any small incremental
increase in frequency above the resonant value produced a ‘slide’ down in the
amplitude. The measured slope yields a value of ft of
(6.06 + 1.0) x 10"10nm'2.
Fig. 6.6 shows a side view (end on) of fig.2.1. The support can be
modelled by a spring of spring constant kc. For a displacement y of the beam 
then purely by geometry the extension of the support is:
ALs = (6.15)
2Ls
assuming ALs«Ls. The force exerted on the beam is therefore kcALs in the 
direction of the support. The vertical component of the force F is:
Fy = F y = key3 (6.16)
Ls+ALs 2Ls2
per support i.e. proportional to the cube of the displacement of the beam. 
This is the basis for hysteresis where eqn.5.18 represents the non-linear 
term of eqn.2.33. If the supports were not present or there was no motion of
hysteresis (measured at the centre of the beam where subsequent optical
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Iij
F igu re 6 .6  Model of the force exerted by the supports on the resonator (m) 
as' a result of its motion in the y-direction and giving rise to 
hysteresis
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determines the resonant frequency and this would be equivalent to the model
considered in section 3.3 where the beam was assumed to be isolated. Also
for each support the tensile force F will produce a strain AL/L given by
F = EWsT(AL/L) and so:
kc = EWsT (6.17)
the thickness of the support being equal to that of the beam and Ws is the
width of the support. Substituting eqn.6.17 into 6.16, remembering that there
are four supports yields the total force exerted by the supports on the beam
in the vertical direction:
Rot = 2 E W . TAs3 (6.18)
L . 3
where As is the amplitude at the supports. If we put this equal to the
non-linear term in eqn.3.33 then we must first find the value of k relevant
for the amplitude at the supports which is:
1 ksAs2 = 1 kA2 (6.19)
2 Z
where A is the maximum amplitude along the length. The value of k for the
beam is given by eqn.3.6 in this case and is:
the supports then there would be only the linear term k present which
k = 10.4 EWT3 (6.20)
L 3
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and so we find that:
= 0.192 fWsHL ) 3 rAs)2 (6.21)
n  w
which is the value of ri which would be calculated by measuring the amplitude 
at the supports at which hysteresis started to occur because the force 
equation is in terms of the displacement As. The amplitude at which 
hysteresis started to occur was measured at the centre of the beam and 
therefore has the value A which is larger than that which would be measured 
at the supports. The value of ri for the centre of the beam is:
= flsAs2 (6.22)
A2
The length of the supports were 240pm and their width was 50pm and so we find 
that:
■& = 8 x lO^Asj4 nm'2 (6.23)
The position of the nodes of the beam depended slightly upon the thickness of
the chromium layer and as a result the measured value of As/A varied between
0.21 for pure silicon and 0.35 for lOOnm of chromium which explains the
10 2scatter and so taking an average value of 0.28 then ri = 4.9 x 10' nm' which 
agrees quite well with the measured value considering the uncertainties 
involved.
118
Let us now consider the internal friction within a beam consisting of
chromium only. This is a representation of what would be observed if the
silicon were sputtered with a chromium layer which was many times thicker
than the silicon. Again the silicon beam was observed to oscillate at about 
70kHz and so let us concentrate on the expected losses at this frequency.
The dominant loss mechanism in the kHz region for metals is due to the flow
of heat within the metal as a result of the volume changes caused by 
straining it. This was first recognised by Zener as mentioned in 3.4.3ii)
and his analysis is relevant to homogeneous materials where the loss would 
only be significant at very high frequencies for the thicknesses of chromium
used here. Chromium like most metals is polycrystalline and forms little 
crystallites called grains. Here we must consider a time constant % which 
represents the time for the temperature difference between the inside of the
grain and the surrounding medium to fall to 1/e of its value and is given by:
6.3.3 Dependance of the Q on chromium thickness
where d is the average diameter of the grains. This should be compared with
1/CDo given in section 3.4.3. The grain size and not the thickness of the
chromium layer is important here and the expected value of the Q for cox»l 
(which represents frequencies above about 1kHz) is:
(6.24)
Dth
i;V 2 p s d
3E a20o
(6.25)
i.e. proportional to the square root of the frequency. 0o is the
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temperature of the undisturbed medium. Putting in values for chromium at 
room temperature and 70kHz gives:
Q = 12300 d (6.26)
where the average grain size d is expressed in mm. Unfortunately there seems 
to be no data relevant to the grain size of chromium. The values of the
average grain size for some other metals are available, however and typical
values are 0.06mm for copper and 0.028mm for magnesium [31]. Therefore if
the grain size of the chromium were similar to that of magnesium then the Q 
would be 344. The resonant frequency of the beam was observed to decrease
from 75kHz for the bare silicon down to 62kHz for a thickness of chromium of 
about 3pm. The change in the value of Q for the chromium is therefore
expected to be about 10% for this frequency shift. The Q of the beam is
therefore to drop to a value of a few hundred when coated with a thickness of
chromium much larger than that of the silicon. Let this value be Qcr.
We will now calculate how the Q of the beam is expected to vary with 
chromium thickness. Here we are assuming that the Q values of the silicon 
alone and the chromium alone are fixed i.e. the frequency remains constant 
for all coatings which is a reasonable approximation for the measured
frequencies here. So the Q of the bare silicon is:
Qsi = 7tY2m s.co2A2 (6.27)
lo s s / c y c le  i n  Si
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by using eqns.3.28 and 3.29. Similarly we have for the chromium:
Qcr = 7tY2mcrco2A2 (6.28)
l o s s / c y c l e  i n  Cr
because the shape of vibration, frequency of oscillation and vibrational 
amplitude must be the same. The value of 1/Q for the beam as a whole 
therefore must be:
l_ = total loss/cycle = ms/Q s i+ m c /Qcr (6.29)
Q to ta l  stored energy m . + ms i cr
and so for thin layers of chromium i.e. m «  m . (or p T «  p .T .) thenJ cr si cr c r si si
the energy stored in the chromium is small compared with the silicon and we
expect 1/Q to vary as:
1 * 1 + 1  fpcr) Ter (6.30)
Q  Qs i Qc r [psij Tsi
Thus if we were to plot 1/Q vs. the thickness of the chromium for thin
layers then we would expect a straight line with gradient pcr/QcrpsiTsi.
The points in fig.6.7 show the measured values of 1/Q plotted against
chromium thickness. The experimentally obtained slope of the graph in the 
linear region is 2.7 x 10'3 pm'1. Using a value for the silicon thickness of
6.6pm which was found by using SEM and the known densities of silicon and
chromium then the experimentally predicted value of Q  ^ is 170 and the whole
graph can then be constructed, knowing this value. This is the solid
theoretical curve plotted in fig.6.7. Three out of the last four points fall
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well below the theoretical curve. The last point is much closer. For this
last layer the Q was measured 24 hours after the chromium had been put down.
This was in fact done for all the thicker layers because it took time for the 
in-built stress to relax. This stress was found to effect the Q quite 
dramatically. The Q of the last layer was measured again after a further 48
hours and the value of 1/Q increased by 20%. It is therefore expected that 
the penultimate layers, with the benefit of hindsight, should have been left
to anneal for a similar time and their values of 1/Q are about 20% higher
than observed.
6.3.4 Efficiency
A large number of chromium coatings were sputtered onto the silicon and 
the size of each coating was increased as the layer thickness grew.
Initially layers of only lnm were added to attempt to observe the expected
phase change for small layers, which had occurred on addition of the first 
layer of 7nm in the previous preliminary experiment. After five coatings 
each of one nm there was still no observable phase change and little change 
in the efficiency and so the layer size was then increased in increments of 
5nm and the phase change then occurred and the efficiency rose. These layers
were added until about 60nm of chromium had been deposited onto the silicon 
where the efficiency flattened out as shown in fig.6.8. The graph has 
similarities to that shown in fig.6.2. The most significant similarity is
the fact that the efficiency tends to a value of 13.4 x 10’3nm per mW,
compared with the value of 12.5 x 10’3nm per mW previously obtained. This is
to be expected as the beams had the same dimensions and were found to 
oscillate at similar frequencies. When the chromium is sufficiently thick to
prevent any absorption in the silicon then it will absorb a fraction equal to
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the silicon. The difference here is that the flattening out occurred at a
thicker layer than previously. It is also clear that the efficiency of the
bare silicon was 6 times smaller than when it was coated with between 60 and
80nm of chromium. Using a value of the thickness of the silicon of 6560nm
then again using the expression derived in 6.2.2. the best fit is obtained to
the measured values. The absorbance of the bare silicon is 0.22 in this 
case. The fit shows considerable discrepancies, particularly between zero 
and 40nm chromium. The reasons will become clear later in the chapter when
another driving mechanism will be considered.
Above lOOnm, layers of thickness 50nm were added. The efficiency did
not stay constant but again started to increase. Finally layers of thickness
250nm were put down until it was impossible to measure the optically excited
amplitude because interference fringes could not be obtained mechanically.
There are two distinct regions:
i) for layers less than 80pm the relative absorbances of the chromium and
silicon determine the ratio of the thermal and electronic strains present and
the resulting drive. Here the chromium merely acts as an absorber of the
light and therefore effectively becoming the heat source, the heat flowing
from the metal layer into the silicon. The presence of the chromium helps to
establish a greater temperature difference between the top and bottom
surfaces, this difference being the driving mechanism. Again the thermal
effect ends up being the larger effect because the thermal diffusivity is
much smaller than the electron diffusivity in silicon.
ii) For much larger chromium layers the light is still absorbed in the metal
only and some of the heat will flow into the silicon but the thickness of the
chromium starts to become significant compared with that of the silicon and
one minus the reflectance of chromium regardless of the precise thickness of
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we heat the whole strip to some temperature 0 then bending results because of 
the differing thermal expansion coefficients of the two materials, one 
wanting to expand more than the other and so it is not merely the temperature 
difference that causes flexure as in the preceding case.
We will now consider case ii) in some detail.
The solution for the temperature distribution through the chromium and
silicon is given in appendix B and it turns out that for thicknesses of
chromium of as much as several microns, the average temperature in the 
chromium and in the silicon is still approximately equal to the temperature 
at the surface ( = 1.45 Iabs/Kc(3c ) and also consistent with the results of 
the earlier analysis in appendix B. This is to be expected as there will be
rapid diffusion in the chromium for thicknesses much less than the diffusion 
length in chromium which is 17.6pm at 70kHz. We can therefore, for the
thicknesses of chromium used, put 0 = 0C = 0s = 1.45 Iabs/Kcpc for the two.
Now let us consider the chromium and silicon heated in the centre over a
length Ls and width Ws for the spot as shown in fig.6.9. For the moment we
will imagine the two layers to be seperate and heated to a temperature 0 over
the area of the spot. As already calculated the diffusion in the lengthways
and widthways directions at these frequencies is small.
The extension in the chromium caused by the heating is Ls(Xcr0 and in the
silicon is LsOCsiO. Now the equal but opposite force that would have to be 
applied to each to bring them together i.e. to the same length again is
given by:
LsO(cr0 - L F  = LsOtsiO + L F  (6.31)
E c rW s Tc r EsiWsTsi
we can think of the system in the same way as a bi-metallic strip in which if
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Lregion heated 
to time-varying 
temperature ©
Figure 6.9 Force F bringing the chromium and silicon back to the
same length after being heated in the centre over a length Ls
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where the force F acts over the width Ws of the heating. F is therefore:
F = (acr-Otsi)0 Ws Ls EcrEsiTcrTsi  (6.32)
L E c r Tc r + EsiTsi
We can now put the chromium and silicon beams together and release the force 
F and allow the chromium to expand and the silicon to contract (occrXXsi). 
This flexes the beam because the action of the two causes a bending moment 
which bends the beam upwards in this case. Now let us consider the bent beam
as shown in fig. 6.10. The dashed line represents the neutral axis where 
there is zero strain, or put another way, about which the bending takes 
place. We will assume the neutral axis to be a distance d from the bottom of
the beam. Let the beam have a radius of curvature r. It should be noted 
that if the curvature is small i.e. L « r  then the arc of the circle can be 
approximated to a quadratic in which d2y/dx2 is constant along the length of
the beam and represents the strain, which in the y-direction is given by
e(y) = y/r in this beam defining y=0 at the neutral axis.
The axial force on an element of thickness dy is dF = EW(y/r)dy. The
total axial force must be zero and so:
.d ,d-Tsi
(6.33)
which on integration and re-arrangement yields:
d = EcrT^i + EcrTcr + 2EcrTcrTsi (6.34)
2(E siTsi + Ec rTcr)
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In the original case (fig.6.9) we had a force F acting midway through the 
thickness of the chromium and silicon respectively. The applied moment in
this case, which is independant of the position of the neutral axis, is:
M = F (Ter + Tsi) (6.35)
2
Let us now calculate the applied moment for the flexed beam about the 
neutral axis. The applied moment on an element dy about y=0 is
dM = EW(y2/r)dy and so the total moment is therefore:
and so M = W [ ESi[d3-(d-TSi)3] + E„[(d-Tsi)3-(d-TSi-T„)3l ] (6.37)
Here W is the width of the beam. Equating 6.35 to 6.37 for the moment M and 
substituting in eqn.6.32 then we find that:
1 _ 3 W s Ls (otcr-otsi)0 b(b+l)a  (6.38)
7 “  2 ( ab+ 1)(ci +acT)TS i
2
where a = Ecr = 1.65 in th is  case, b = Ter , d = c = 1+ab +2ab
Esi Tsi T si 2 ( 1+ab)
)3 and C2 =
Finally by geometry:
ci = c3-(c-l)  (c-l)3-(c-l-b)3.
Astatic = L2 (6.39)
X7
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where Astatic represents the displacement produced between one end of the 
beam and the centre of the beam in one cycle and is equal to the efficiency.
Using the value of 0 already calculated and recognising that the absorbed 
intensity labs = Pabs/WsLs, namely the absorbed power divided by the spot 
size, then the efficiency is:
A = 3 L 5c r Pabs (OCcr-Otsi) b(b+l)  (6.40)
Q  16 WTs i Kcr ( ab+1)(c 1 +ac2 )
in this particular case. It can be seen that the final deflection is
proportional to the absorbed power as opposed to intensity which would imply 
that the deflection were dependant on the spot size.
Equation 6.40 is plotted in fig.6.11 using values of Pabs = 2 x 0.368mW 
and 5cr/Kcr = 1.88 x 1CT3 W4cm2K for various values of b and the measured 
efficiency is included. The scatter could be due to different amounts of 
light being absorbed, particularly as the centre of the beam (see fig.2.1) is
no larger than the core of multimode fibre. The general agreement, though,
is good. We can now include this mechanism and replot the theoretically 
expected efficiency for thin chromium layers that appeared in fig.6.8. This
is shown in fig.6.12. Here the best fit was obtained with a silicon
thickness of 6570nm instead of the 6560nm used to plot fig.6.8. It can be
seen that the ‘bi-metallic’ mechanism accounts for the observed drop in
efficiency for very thin chromium layers which could not be accounted for 
earlier.
6.3.5 Phase
Fig.6.13a) shows the measured phase for thicknesses of chromium up to
131
E
ff
ic
ie
nc
y 
(n
m
)
E f f i c i e n c y  v s  C h r o m i u m  t h i c k n e s s
O r th ie k n e ^ js i  ( /a m )
Figure 6.11 Theoretical efficiency for the ‘bi-metallic’ mechanism oniy,
assuming an absorbed power of 0.736mW. Experimental points 
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30nm. This graph expands the very sharp transition in phase for low chromium 
thicknesses in fig.6.13b) which is a plot of the observed phase for the whole
experiment, together with the theoretically predicted phase for a silicon 
thickness of 6570nm.
Below 5nm of chromium the phase was found to be constant at an angle of
' o
about 10 . Here most of the light is absorbed in the silicon and so the 
expression for the net strain in the silicon (eqn.6.16) is relevant and the
phase is approximately zero. Between 5nm and 15nm there is a transition in
phase because the absorbance in the chromium is increasing and in the silicon
it is decreasing and for 6570nm the absorbance in the chromium becomes
greater than that in the silicon for 15nm of chromium. The mechanism
considered by Langdon is relevant here and this has a tc/2 phase factor which,
when added to the zero phase for the silicon pushes the overall phase towards
it/2.
At about 60nm then the chromium absorbance reaches its maximum value and 
the magnitude of this mechanism is therefore at a maximum. The phase angle 
is not %/2 because the thickness of the chromium has become significant
mechanically and the ‘bi-metallic’ mechanism, which has a zero phase angle 
associated with it because the temperature (and not the temperature
difference) is the driving mechanism.
Above lOOnm the ‘bi-metallic’ mechanism becomes of greater magnitude
than the Langdon one and the phase angle returns to zero. The theoretical 
phase uses estimates of the magnitudes of all the mechanisms discussed in the 
work, together with their associated phase angles, and adds them together.
o
The measured phase was found to increase to only 36 before decreasing
back to zero. It must be remembered, though, that the measured phase angle 
for small chromium thicknesses is extremely sensitive to the relative
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absorbances in the silicon and chromium and an inaccurate estimate in either 
will result in large discrepancies.
6.4 Going back to bridges
We can now use the analysis in 6.3.4. for the ‘bi-metallic’ mechanism to 
predict the deflection of the bridges. The Langdon method predicted a value 
of amplitude 37 times smaller than the measured value. Equating 6.38 for the 
radius of curvature to the second derivative of the deflection of the beam in
the centre we find:
A _ 0.087 WsLs L ( a c r - a s i ) e  b(b+l)a (6.41)
Q  W T (ab+l) (c i+ac2 )
From eqn,5.18 the temperature at the surface is 0 = DDth/jKcoT which at 142kHz
n
yields 0 = I x 3,1x10' where I is the absorbed power divided by the spot 
size and is expressed in Wm'2, so for b=0.014 relevant to the ratio of the 
thicknesses for 28nm chromium then the expected efficiency is:
A  7.8 X  10'15 Pabs L (6'42)
U WT
so assuming an absorbed power of 0.4mW then we expect the amplitude to be
34nm for the 0.75mm long beam coated with 28nm chromium, compared with the 
measured amplitude of 13nm for a Q of 1800. This mechanism therefore 
predicts a much larger deflection than that by ’ the Langdon method and
must be the driving mechanism as it overestimates the observed value by a 
factor of 2.6 and predicts the phase angle of the motion of the resonator 
with respect to the incident intensity to be zero as observed.
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strain produced being taken up by the silicon. In section 5.6.2, the idea
was introduced in which the heating up of the beam caused by optical
excitation meant that it wanted to expand and therefore reduced the overall
tension already present in the beam because of boron doping. This then
reduces the resonant frequency as observed. There will be a characteristic
response time for the stress in the beam to relax and become constant
everywhere along the beam. In the analysis in section 5.6.2. we assumed that
a long time had elapsed and the strain caused by the heating, (causing a
thermal stress proportional to the temperature at that point) had been
converted into an average stress corresponding to the average strain.
Now imagine heating up the beam instantaneously to cause a strain in
the beam. The stress in the beam will relax to a value a  = o  - Ee, after
dop th
a long time interval and if this happened there would be no observed flexing
because the strain would be taken up. This would therefore occur if the
frequency of modulation was much smaller than 1/x where % is theC C
relaxation time of the stress under conditions of constant strain.
On the other hand if the frequency was much larger than l/x£ then there
would be no relaxation of the stress and the full strain would be observed.
The overestimate of the amplitude may be due to some of the thermal
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CHAPTER 7
SUMMARY CONCLUSIONS AND RECOMMENDATIONS
It has been found that bare silicon resonators, if surrounded by an air
pressure of about IPa, can have Q-values in excess of 50,000. In the absence 
of air the losses in the silicon are determined by thermoelastic and
structural damping. For the devices used in this study and at frequencies
around 100kHz the thermoelastic loss is negligable in silicon. The loss is
determined by the structural damping which is simply due to some of the 
vibrational energy of the resonator being transferred to the surroundings. 
The structural damping is proportional to the ratio of the mass of the
resonator to that of the surrounding structure.
Introducing further air around the resonator has had the effect of
providing additional loss proportional to both the surrounding air pressure
and the surface area of the resonator in a plane perpendicular to the
direction of motion. The Q factor was found to become reasonably constant
above lOOOPa.
The addition of a metal, chromium in this case, has had the effect of
producing additional loss proportional to the chromium thickness for small
chromium thicknesses, the Q levelling out for higher thicknesses to a value
equal to the Q of the bare metal which has been estimated to be 170 in this
case.
Optical excitation of all the resonators has been successfully achieved. 
The electronic strain in silicon, although much larger than the thermal 
strain at the wavelength used for excitation, varies by less in one cycle
because the diffusion constant for the carriers is much larger than that for
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electronic strain as a result and the amount of flexure caused by a single
pulse of light of a given power has been found to increase on addition of
chromium layers. The rate of increase is dependant on the absorbance in the
chromium which is very sensitive to the precise silicon thickness.
Another mechanism has been identified which increases the efficiency
with chromium thickness even when all the non-reflected light has been 
absorbed in the chromium. This is based on the idea of the bi-metallic strip
and is due to the varying amounts of extension caused when two materials are
heated to the same temperature but have different expansion coefficients.
The optimum drive is expected to occur when the thickness of the chromium is
about 30% of that of the silicon.
The phase angle of the motion of the resonator with respect to the
incident intensity has been found to be approximately zero for the bare
o
silicon and rise sharply to about 40 for thicknesses of chromium above 20nm
and then for thick chromium layers above lOOnm the phase has been found to
return towards zero.
A prerequisite for self-excitation is that this phase angle be zero as
the absorbance must be in phase with the motion for a Fabry-Perot cavity and
so both bare silicon and resonators with a thick layer of chromium will be
suitable for this application.
In conclusion, where good sealing and hence good vacuum can be
maintained a bare silicon resonator has the advantages of high Q and high
amplitude, the highest amplitude of oscillation being obtained with a bare 
silicon resonator for the samples tested in this study at a pressure of IPa. 
Also bare silicon resonators can easily be mass produced cheaply and very
reproducibly and would not require the additional sputtering process in
the heat. The time varying thermal strain becomes greater than the
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their production.
Where good vacuum cannot be maintained and the Q must therefore be low 
then a large metal coating is desirable for high efficiency and quality of 
output signal.
Silicon resonators can easily be optically excited and have high 
accuracy and stability and if the packaging problems of sealing and 
stable positioning of the fibre can be overcome then there is no reason why 
they should not become widely used as pressure sensors for all manner 
of applications.
A recommendation for further work is the fabrication and investigation 
of a silicon resonator, coated with a layer of quartz with approximately the 
same thickness and finally a top layer of approximately 20-30nm of chromium. 
This, when evacuated, promises a high Q because of the low internal friction 
of quartz, high stability, high efficiency due to the ‘bi-metallic’-type 
mechanism already described in this work and good reflectance and absorbance 
because of the thin layer of chromium. Comparison could be made to a recent 
paper [32], in which the top layer is ZnO which is a piezoelectric and a 
large deflection is reported due to a photomechanical mechanism.
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APPENDIX A
Calculation of the absorbance in the chromium and silicon
air Cr Si air
E •
D
B
cr T • si
A,B,C,D,Ei,Er and Et represent the total electric fields at the
interfaces, Ei being the incident field, Er the reflected field and
transmitted field.
We must have that the sum of the electric fields are continuous 
interface and therefore:
For air/Cr: Ei + Er = A + Be-'YcrTcr (l)
Cr/Si: Ae‘YcrTcr+ B = C + De-'YsiTsi (2)
Si/air: Ce‘YsiTsi+ D = Et (3)
where y  = 2nke + j 2nn is the propagation coefficient and k 
Ao Ao
various 
Et the
at each
is the
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extinction coefficient.
Similarly the magnetic fields must also be contiuous at each interface:
1 (Ei - Er) = 1 (A - Be‘7<aT“) (4)
7 2  Z T ,
1 (aJ “Tci- B) = 1 (C - De'TsiTsi) (5)
Zcr Zsi
1 (Ce~YsiTsi- D) = 1 Et (6)
Z7T ZZ
where Z is the characteristic impedance = /~p = /~P° 1 (7)
V e V Bo n-jke
Solving the six simultaneous equations we find that the transmittivity is 
given by:
El _ ,  r V(1 + Z o) + Uyc(l - Z o) r k  t (8)
Ei 1 Zcr Zcr
where A = VEt, B = UEt and:
V = 1 r 1 (1 + Z.i)(l + Zcr) + ys(l - Zsi)(l - Zcr) 1 (9)
4yc L T* ZA ZT ZT ZU
U = 1 r 1 (1 + Z.i)(l - Zcr) + y,(l - Z.i)(l + Zcr)l (10)
4 [ y7 Z 7 Zff ZZ Zff J
also jc = e‘y°rTcr and ys = e'7slTsi
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We also find that the reflectivity is:
E r  t r v ( i  - z 0 ) + uyb(i + Z o ) 1
ET "  2 [ 2T7 Zc7 j
(11)
and so the reflectance R Er
ET
*
Finally the power at any point is lRe(ExH ) where E and H are the total
2
electric and magnetic fields respectively at that point. The power at the 
chromium/silicon interface is therefore:
1 Re f (A?C + B)(AYc - B)* I
2 L Zcr* -I
(12)
and so the power absorbed in the chromium is the difference between the 
power at the air/Cr interface and the power at the Cr/Si interface i.e. 
(1 - R) minus the above expression. Similarly the absorbance in the silicon 
is the power at the Cr/Si interface minus the transmittance.
Solution for G
To calculate the heat generated in the silicon through absorption we 
must first calculate the power of the optical wave at any point in the 
silicon. This can be expressed as:
1 Re
2
in a similar way to the earlier expression for the power in the chromium. On
j- (Cys + P/YsXCys - D/ys)* j (13)
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multiplying the bracket out and taking the real part we find that the power 
at any depth y in the silicon is:
P(y) = n s. ( | C | V P y - |D |2e '^Tsiew ) (14)
~T
where p. = 47tksi/Ao is the optical power attenuation coefficient. Putting the 
amount of power absorbed between y and y + dy equal to a(y)dy then this is 
simply the power at y - the power at y + dy = pP(y)dy. Using the expressions 
for C and D:
C = Et (1 + Zsi) and D = Et (1 - Z.i) (15)
Zys T ff T  ZF
obtained by adding and subtracting equations (3) and (6) then the absorbed 
power is given by:
a(y)dy = TPojx [(n .+ l)leM,TV ,Ay + (n - l)2e"PTlV ly] dy (16)
4 n  . S1 81
S 1
where T is the transmittance and Po the incident power on the chromium. It
is interesting to note that the absorbance is actually proportional to the
transmittance. This is because the transmittance defines the power at the
air/Si interface and therefore the power at y = Tsi for the silicon. This
then determines the values of C and D for a given thickness of silicon and
hence the power at any point and therefore the absorbance.
Finally in silicon a fraction hv - Eg of the absorbed power will be
Hv
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G = (hv - E g)TIo|l [(n .+ l ) V lTse‘w ' + ( n l ) V M’T,iew ] (17) 
4n hv  !I
S 1
converted to heat (see also appendix C) and so G is:
where lo  is the incident intensity.
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APPENDIX B
Solution of the diffusion equation in one dimension 
The diffusion equation in one dimension is:
Dih d2e = ae
dy2 dt
Substituting into the diffusion equation the seperable solution:
6(y,t) = Y(y)ejCOt 
We obtain the general solution for Y:
Y = Cie-Py+ CaePy
where p2 = j co is the propagation coefficient and Ci and C2 are determined 
TTTh
by the boundary conditions.
Now let us consider the case where the light is absorbed in a thin 
layer, much thinner than the diffusion length, at y = 0 and the resulting 
heat flows in the +y direction. If the absorbed intensity is I then this 
amount of heat must flow in the +y direction, assuming no conduction upwards 
because of the surrounding vacuum. This then determines the temperature
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gradient at y = 0:
dGI = - I
3y|y=o K
If the silicon thickness is T then at y = T there is now net flow of heat
again because of the surrounding vacuum allowing no conduction:
dG = 0
3y y=T
Using these two boundary conditions we find that:
I Ie-2PTCl — n rri - 3nd C2 —
Kp(l  - e P ) Kp(l  - e ^ )
The value of Ci determines the amplitude and phase of the wave travelling in 
the +y direction and the value of C2 determines the amplitude and phase of
the wave reflected from the bottom of the silicon and travelling in the -y
direction.
The temperature at the surface y = 0 is therefore:
0(0,t) = I ej(at(l + e 2PT)
Kfi (1 - e'2 | j l )
and at the bottom y = T it is:
0(T,t) = 2 I e iCDte 'P T
Kp(l - e ' 2P'*')
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Now let us make the assumption that the silicon is thermally thin i.e. 
pT is small. The temperature at the surface is now:
0(0,t) -  I e j0)t 
Kp2T
and the temperature difference between the top and bottom surfaces is:
0(diff) « I e jCotT 
ZK
i.e. proportional to the thickness of the silicon in this case,
silicon is thermally thin we can therefore say that the
decreases linearly from the surface.
If the 
temperature
If we now assume that the absorbing layer of chromium is itself
thermally thick and there is diffusion within the layer then we must consider 
the following:
We can express the temperature in the chromium as:
0c = Ace+y + BceP°y
and the temperature in the silicon as:
& = Ase-Ps(y-Te) + BsePs(y-Tc)
Again for the boundary conditions we have:
dOc
w
= - 1 and d0s
y=o Kc dy"
= 0
y-Tc+Ts
From which Ac - Be = 1 and Bs = Ase~^s^ s
Kcpc
The temperature at the interface y = Tc must be continuous:
Ace‘pcTc + BcePcTo = A< + Bs
and finally the net flow of heat into the interface must equal the net flow 
of heat out of the interface:
-Kc dOc 
dy"
= -Ks d0s
y = T  c dy" y=Tc
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Using these four boundary conditions yields:
where
Ac = (C + l)e PcTcl _  r _________
Kcpc L (C + l ) e ^ cTc - i^-“PcTc(C -  l)e :]
■2psTi ,-2psTsC =  Kc 1 + e ' ^ ' * 5 ) =  0.677 f 1 +  e
llSlJ [ ! .  -2P.T. J 1 j . e-2p.T.T?IVs
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APPENDIX C
Ratio of the electronic strain to the thermal strain in silicon
Imagine an intensity I being absorbed in a layer of silicon over an 
area A and a depth z. Here we will assume that z is small enough so that the 
absorbed power at any depth is constant throughout z.
The electronic strain is:
1 dEg An 
3 dP
where An is the photocarrier density. The number of photons absorbed per 
second in the layer is IA/hv where hv is the photon energy. So if we 
assume a quantum efficiency of unity then the number of excess carriers 
produced per unit volume per second is I/hvz and the electronic strain 
produced in a unit time interval is:
8 = 1  dEg I 
el 3 dF~ Evz
The thermal energy given to the lattice by each absorbed photon is 
hv - Eg - 3KbT where T is the absolute temperature. The heat produced is 
due to rapid relaxation of the electron to the band edge, the relaxation time 
being much smaller than the lifetime of the electron in the conduction band. 
The total thermal energy produced per second is therefore:
IA (hv - Eg - 3KbT) = pAzsG 
Kv
152
produced in a unit time interval is therefore:
e = cc0 = <xl(hv - Eg - 3KbT)
* hvpsz
Finally the ratio of the strains is:
where 0 is the temperature rise above ambient. The thermal strain
£ e i  _ 1 dEg ps
“  3 dF~ a(hv - Eg - 3Kb'T)
REFERENCES
1. Senior J.M, ‘Optical fiber communications, principles and practice’, 1985 
publ.Prentice-Hall international.
2. Uttamchandani D, Thornton K.E.B, Culshaw B, ‘Optically excited resonator
beam pressure sensor’, Elec.Lett. 1987 23 p. 1333-1334.
3. Stokes N.A.D, Fatah R.M.A, Venkatesh S, ‘Self-excited vibrations of 
optical microresonators’, Elec.Lett. 1988 24(13) p.777-778.
4. Angell J.B, Terry S.C, Barth P.W, ‘Silicon micromachined devices’, Sci.Am,
1983 April p.36-47.
5. Allan R, ‘New applications open up for silicon sensors: a special report’, 
Electronics 1980 November p. 113-122.
6. Andres M.V, Foulds K.W.H, Tudor M J, ‘Sensitivity and mode spectrum of a 
frequency output silicon pressure sensor’, Sensors and Actuators 1988 (15) 
p.417-426.
7. Tudor M.J, Andres M.V, Foulds K.W.H, Naden J.M, ‘Silicon reesonator 
sensors: interrogation techniques and characteristics’ IEE proc. 1988 135
p.364-368.
8. Greenwood J.C, ‘Etched silicon vibrating sensor’, J.Phys.E Sci.Instr.1984 
17 p.650-652.
154
9. Venkatesh S, Culshaw B, ‘Optically activated vibrations in a
micromachined silica structure’, Elec.Lett.1985 21 p.315-317.
10. Stokes N.A.D, Fatah R.M.A, Venkatesh S, ‘Self-excitation in fibre-optic
microresonator sensors’, Sensors and Actuators 1990 A21-A23 p.369-372.
11. Tudor M.J, ‘Optical detection and excitation of vibrations in silicon 
resonator sensors’, PhD (Surrey) 1988.
12. Zhang L.M, Uttamchandani D, Culshaw B, ‘Transient excitation of silicon 
microresonator’, Elec.Lett.1989 25(2) p. 149-150.
13. Zhang L.M, Uttamchandani D, Culshaw B, ‘Stabilisation of optically
excited self-oscillation’, Elec.Lett.1989 25(18) p. 1235-1236.
14. Proc. of the Sth international conference on solid state sensors and
actuators, June 25-30 1989, Montreux, Middlehoek S.(editor),
publ.Elsevier sequoia 1990.
15. Petersen K.E, ‘Silicon as a mechanical material’, Proc.IEEE 1982 70
p.420-455.
16. Greenwood J.C, ‘Ethylene diamine-catechol-water mixture shows 
differential etching of p-n junction’, J.Electrochem.Soc. 1969 116.
17. Warburton G.B, ‘Dynamical behaviour of structures’, 2nd edition 1976
p. 116-117 Pergamon international diary.
155
18. Langdon R.M and Lynch B.J, ‘Photoacoustics in optical sensors’, GEC
Journal of Research 1988 6 p.55-62.
19. Timoshenko S, Young D.H, Weaver W, ‘Vibration problems in engineering’, 
4th edition 1974 p.453-454 publ.John Wiley and sons.
20. Fox R.W and McDonald A.T, ‘Introduction to fluid mechanics’, 1973 
publ.John Wiley and sons,
21. Bhatia A.B, ‘Ultrasonic absorption’, 1967 pubLOxford University press.
22. Zener C, ‘Theory of internal friction in reeds’, Phys.Rev.1937 52
p.230-235.
23. Pippard A.B, ‘The physics of vibration’, vol.l 1978 publ.Cambridge
University press.
24. Andres M.V, Tudor M J, Foulds K.W.H, ‘Analysis of an interferometric
optical fibre detection technique applied to silicon vibrating sensors’,
Elec.Lett.1987 23(15) p.774-775.
25. Zhang L.M, ‘Optically powered silicon microresonators’, PhD (Strathclyde)
1990.
26. Keenan J.H, Chao J, Kaye J, ‘Gas tables’, 2nd edition 1983 publ.John
Wiley and sons.
156
27. Pitcher R.J, Clements J.A, Naden J.M, Foulds K.W.H, ‘Optothermal drive in 
silicon resonators: the influence of surface coatings’, Sensors and
Actuators 1990 A21-A23 p.387-390.
28. McSkimin H.S, ‘Measurement of the elastic constants at low temperatures 
by means of ultrasonic waves data for Si and Ge single crystals, and for 
fused Si’, J.Appl.Phys.1953 24(4) p.988-997.
29. Weiss B.L. and Sears J.L, ‘Publish and retrieve materials data with
EMIS’, IEE Proc.I Solid State and Elec.Dev.1981 128(5) p.189-191.
30. Steams R.G. and Kino G.S, ‘Effect of electronic strain on photoacoustic
generation in silicon’, Appl.Phys.Lett.1985 47(10) p. 1048-1050.
31. Malecki I, ‘Physical foundations of technical acoustics’, 1969 publ.
Pergamon press.
32. Suski J, Largeau D, Steyer A, Van de Pol F.C.M and Blom F.R, ‘Optically 
activated ZnO/Si02/Si cantilever beams’, Sensors and Actuators 1990 24 
p.221-225.
157
